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INTRODUCTION 
Since the time of early man, human nature has encouraged him to 
ease his burd n in da·ly life . Numero thods and devices have aid d 
man, however insignificant these methods and device may have seemed. 
One area of continuous progress through succeeding generations has been 
materials handling. 
Materials handling, the touching, controlling, or dealing with 
physical matt r, is existent in almost every facet of life. A· man's 
knowledge of the surrounding world ha increased, so has his knowledg 
of materials handling . In addition to increasing his knowledge of 
materials handling, man also has become more fficient in his way of 
life through th increased usage of this tool. 
Man is ba ically an agriculturi�t in that agricultural food 
production is re ponsible for th ustenance of  life . Agricultur , 
like all other ar a ,  is concerned with materials handling. Materials 
handling has progressed in magnitude and importance for agricultural 
man from the first stone used for crushing grain to the advanced machines 
used extensively today . 
Advance nt of the knowledge in material handling was slo� 
until the start of th· twentieth century . The intern 1 combu tion 
engine was largely responsible for he rapid revolution toward mod rni­
zation in the mechanical field. Wit the increased mechanization of 
materials handling, the terminology slowly evolved until handling 
included only the mechanized area of the entire f ield . 
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In agricultural engineering, that facet of engineering applied 
to agriculture, teria s handling has b come increasingly more impor-
tant and ha taken its place as a challenge to the profession. It is 
especially import nt to that segment which pertains to the harvesting, 
storing, distributing, and disposing of agricultural crops. Since the 
turn of the century, the emphasis has been directed toward the elimina­
tion of the shovel. The first half of the century produced slow changes, 
even though new techniqu had been introduced in rural America. 
The agricultural advances in materials handling during the first 
part of the century were centered arolllld the conveying mechanisms. 
Auger, bucket, and fligh types of conveyors bee me widely used and 
accepted. Obviou ly, the e mechanization advancements were great 
strides forward in easing physical burdens. Even though the advantages 
of these types of systems are ntnnerous, disadvantages in certain appli­
cations have becom very significant . The required mechanical linkages 
of auger, bucket, and flight types of conveyors in small confin d areas 
have resulted in increased use of pneumatic conveyors becaus pneumatic 
typ s have very compact operating equipment. Conveying distances of 
more than one hundred feet are handled more economically with pneumatic 
type conveyors th n with auger and fligl types. 
Pne tic conveyors hawed a r pid growth during the years 
immediately following World War II. Industry and other larg concern 
gradually changed their materials handling systems of particular 
materials to the pneumatic conveyor typ because pneumatic conveyors 
were not cumbersome, were reliable, were economical, were flexible, 
and h d the capability of handling larger quantities of mat rial per 
unit time. Now pneumatic conv yance ha b co widely enough used so  
that it  is r cogniz d as a standard in many applications. 
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In recent years mechanized farming has started to apply pneumatic 
s ystems to feed handling for livestock . Advant ges and disadvantages 
for 1 rge applications are s imilar for t e  reduced sizes necessary for 
efficient livestock feeding applie tions. 
Pneumatic systems are divided into three classes: (1) low-volume 
high-pres sur [above 20 psi (pounds per quare inch)], (2) low-volume 
medium-pressure (3-20 psi), and ( )  high-volume low-press ure (les s  than 
3 psi) . The latter two be t fit the requirements for agricultural 
applications . Adequate research ha been conducted on low-volume 
medium-pr ssure pneumatic conveyors o that prototyp s have proven 
succe sful in feeding systems. 
Th high-volum low-pressure typ lacks adequate research for 
utilization in feeding systems . It is felt that c rtain aspects of 
this system re more advantageous than higher pressur systems . However, 
a number of disadvant ges also exist. 
The high-volume low•pressure system like other type has similar 
compon nt parts n cessary for oper tion: a feed inJector, fan or 
compre or, a co veying pipe, and a cyclone coll ctor. Th diff renc s 
among tht. various types of pneumatic conveyors are the pipe si��e a d 
fan or compress or capabilities. With lower pressur systems pipe size 
has a greater diameter, and the fan has capabilities of handling greater 
quantities of air at lower pressures. A fan, rather than a compressor , 
is used for the high-volume low-pressure systems since the pressure 
usually is maintained at less than one pound per square inch. 
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The feed injector, a mechanical de-vice used to inject the 
material into the conveying duct , is a recent development that has been 
added to the pneumatic conveyor. It has a number of advantages that 
give it preference over the star wheel and other types of injectors. 
Pirst, its cost is only a fraction of the star wheel type injector, 
and second, air losses of the auger injector are much less than tht; 
loss for other types. However, research on the injector has been lim­
ited to specific agricultural applications. dditional research is 
needed so that it may becom a standard module of pneumatic systems. 
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REVIEW OF LITERATURE 
Henderson and Perry (5)* summarize the increased demand for 
pneumatic conveyor applications in terms of advantages and disadvan­
tages. The advantages are: relatively low initial cost, mechanical 
s implicity, random path of conveyance, easily changed path, conveyance 
of numerous materials, and a sel f-cleaning s ys tem. The disadvantages 
are: high power requirement and possible material damage. From the 
advantages it is easy to see why intensified research on pneumatic 
conveyance is warranted. 
Researchers have classified the pneumatic systems according to 
s tatic pressures and air volumes required for operation. Puckett and 
Klueter (9) used three classes:  (a) high-volume low-pressure, (b) low­
volume medium-pressure, and (c) low-volume high-pressure. Henderson 
and Perry (5) included an additional class where negative pressures 
were used with high air volumes . 
Initial research on pneumatic conveyors was very general and 
was attacked from the non-engineering standpoint. During the past two 
d cads engineering approaches have been taken including mathematical 
descriptions of particle flow. Crane and Carleton (3) described the 
particle flow by mathematical analysis in 1957. Their analysis was 
diversified enough to acconnnodate lmost all applications of a material 
flowing in an air stream. The author did not include the analysis here 
since it was lengthy and available els ewhere. 
*Numbers in parentheses refer to appended  references. 
Industrial uses of the pneumatic conveyors have been utilized 
for many years. In 1944 Hudson (6) developed a gener 1 equation of 
empiric l form for conveyance of various industrial materials. The 
equation, given below, was very broad in nature so that only general 
operation criteria could be deduced from it. 
here: 
V 601-fcfw 
V = air velocity, feet per minute 
Mc= an experimentally determin d constant 
W = bulk density, pounds/cubic foot 
(1) 
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The industrial applications were complex, costly, and elaborate 
in nature. To be adapted to farmstead use, pneumatic conveyors had to 
b simple, reliable, and economical. With these require ents under­
stood, r esearch for adaptation to agricultural u e was started . 
The low-vol medium-pressure sy terns were the type initially 
cho en for adaptation to the farm feedlot. Puckett (8) conducted much 
of the initial re earch in this area� System performance, demands, and 
capabilities were tested in laboratory and feedlot applications. Air 
conditions w re evaluated for the system type. Conclusions were drawn 
for future use with respect to air requirements. A major research 
aspect was that of the injector . Puc ett realized the forbidding cost 
of a rotary-valve type injector . Consequ ntly , initial tests were 
conducted using an inclined auger for feed injection purposes. One 
inch diameter conveying ducts were used for transportation of the 
material. Flow criteria were deduced from this research for th small 
7 
diam ter pipe. System accessorie , such as floi dividers for multiple 
feeding applications, wer included in this research by Puckett . 
Th res arch y Puckett and his associates (10) was continued 
into 1961 and 1962. The res arch during this tim period presented 
additional flow criteria information. Small diameter conveying pipe 
analysis commanded a majority of the experimental research time. 
Elbows of various types used in the conveying line were thoroughly 
tested and analyzed. Static pressur loss characteristics of elbow 
sections wer published for future refer nee . Puckett and his asso­
ciates conducted this research again employing the low-volume medium­
pressure type of pneumatic conveyor . The reason for continued use of 
this typ was sununarized by Puckett in the following statement. 'The 
power for conveying material in a pneumatic system is determined by two 
factors: th volume of air moved and th pressure that must be appli d 
to the syst m. It is reasonable to as ume that, if less air is moved 
at higher pressures, more work can be done for a given amount of en rgy 
because less work will be required to move the air mass. " However, an 
ideal high-volume low-pressure system with no efficiency losses would 
require the same amount of work input to conv y identical amounts of 
material as wou d a low-volume medium-pr,ssure system . Th refore, the 
magnitude of losses for each syst m 10 ld be the determining factor for 
supplying the power rtquir ments. It can be r soned from h a ove 
statements that a complete analysis of all entering effects must be 
accomplished before final judgement can e passed on system types. 
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Research by Puckett and Klueter (9) has continued through 1963 
nd into 1964 on the auger injector associated with pneumatic systems. 
The last design of the auger injector performed very satisfactorily. 
It included a horizontal auger with a vertical plugging chamber to 
provide an air lock. An injector of this type was used in the author's 
research work. 
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OBJECTIVES AND SCOPE 
To develop a satisfactory low-pressure high-volume pneumatic 
conveyor system utilizing an auger type feed injector, extensive 
studies of models and prototypes must be conducted. Because of limited 
tim and money only a laboratory model study with s imulated conditions 
of operation was performed. Grain types, sorghum and soybeans, that 
approach spherical shapes were used in the research study. 
Objectives of this study: 
1. To design a system that will perform satisfactorily 
under simulated feeding conditions. 
2. To evaluate th most desirable operating conditions 
for optimum performance. 
3. To show the relative importance of the independent 
variables and their effect on system performance. 
4. To evaluate the grain cracking characteristics of 
the auger feed injector. 
5. To evaluate the air losses through the auger feed 
injector. 
6. To describe flow conditions across a pipe restriction 
in the conveying line. 
7. To eval uate minimum air v locities and yet maintain 
satis factory rain conveyance under variations of a 
number of conditions of system operation. 
8. To refine laboratory research techniques for future 
research. 
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LABORATORY APPARATUS 
The laboratory apparatus, necessary for atisfactory completion 
of thi tudy 1 w constructed and tested in th crop processing lab­
oratory of gricultural. Engine ring at South Dakota Stat University. 
Figur I is a photograph of the assembled 1 boratory appar tus used in 
this study. 
Auger Injector Construction 
Figure II is a photograph of the assembled auger injector. The 
enclosed portion that conveys th  grain and part o th  supporting 
tructure re made of plexiglass . Plexiglas was used so  t hat visual 
analysi of flow charact.eristics could be carried out. Three-inch 
inside diameter plexiglass pipe wi ·h 1/l}-inch wall thickness was used 
to enclose the 2 7/8-inch uger. This allow d 1/1 6-inch clear ce 
bet1een the uger convolutions and the pipe wall. Th grai inlet wa 
2 1/2-inch pl xiglass pipe. Smaller pipe w s u ed since larger c oss 
ection 1 reas were not needed to handle the grain flow. Thi r duced 
the ar a , provi ing more resistance to air flow· up through the inlet 
section. The elbow and vertical outlec serve as the primary air lock 
or plug ing chamber . Fig re III is a detailed drawing of the plugging 
chamb r .  Becaus o� the low pressures ncountered, a flared plugging 
chamber was not used. A three-inch inside diameter pipe was mounted 
p rpendicular to the conveying pipe and connected to the plugging 
chamber by 3 1/2-inch inside diameter p·pe four inches long . Silicon 
grease was used to seal air leaks at this connection. This connection 
can be seen in Figure III. 
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Figure I. Complete Labor tory Appar tu 
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Figure II. Aug r Injector Section 
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The auger was a single pitch double s cre:-i type with a pitch of 
2 7/8-inches. An auger length of twelve inches was selected so that 
individual convolutions would form partial air lock • The auger shaft 
w s supported by two pillow blocks which also served as thrust bearings . 
The pillow blocks were n cessarily mounted outside of the enclosed 
grain flow area to pre-vent dust damage to- the bearings . The hole 
through the shaft entry wall had to be sealed to prevent air leakage . 
Rubber washers were placed on the shaft ,  lubricated with silicon grease , 
and compressed between the shaft collar and the plexiglass wall. This 
detail can be seen in Figure IV. 
A piezometer tap was placed on top of the horizontal auger pipe 
adjacent t-o the shaft entry wall. The tap was placed in this position 
so that the pressure loss across the entire auger and plugging chamber 
could be established . It was placed on top of the pipe so that small 
particles would not settle in the fi tting causing erroneous press ure 
re ding . The piezometer tap was connected to a U-tube manometer by 
1/4-inch plastic hose. 
�nveyo.r Pipe Q.nd Baffle Construction 
Three-inch inside diameter plexiglass pipe with 1/4-inch wall 
thickness was selected for the conveying pipe. A ten-foot tes t section 
was selected for baff e application. Necessary interference zones , 
both preceding and succeeding the test ection, were necessary to 
obtain s atisfactory flow conditions . Since plexiglass pipe was not 
available in great lengths . shorter lengths were selected for use. 
i P.zometer tap 
Rubber seal 
Pillow block 
Gr[dn entr'I 
# 2 
7 
\ 
� 
j 
Auger convolution 
Sc!':ll0 • .  1"-1" u. � - 2 
Ficure IV . Det ·  iled Drawin6 of Auger Inj ector Entry .... 
VI 
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The s ections of pipe were connected by 3 1/2 -inch inside diameter plexi­
gl ss  pipe couplings six inches long. Each coupling was machined to 
fit particular pipe sections. When assembled each connection was sealed 
with automobile calking compound rather than silicon grease&  The 
silicon grea e in the connections s eemed to acquire air pockets and 
leaks fter the pipe section were ass embled and operated for a period 
of time . Vibrations and xcessive internal pipe pressures seemed to 
cause the ir pockets which later develop d int·o air leakage points. 
The conveyor pipe w s supported at each coupling by a small 
s teel A-frame .  The A-frames were bolted to· a ngle irons which were, 
in turn, bolted to steel laboratory tables. A representative s upport 
can be see n  in Figure V .  
The int rference zone preceding the test section was necessary 
to insure absence of entry acceleration and turbulence effects. Ten 
pipe diameters, 30 inches, was considered the minimum length. However, 
to in ure bsence of entry effects, an equival nt l ngth of approxi• 
mately 15 pipe diameters , 45 inches, was selected. The interference 
zone succeeding the test section was much less critical s ince its only 
purpos was to eliminate deceleration from th test section . 
To prevent lodging or bridging in t 1e conveyor pip at th · grain 
ntry, baffl  was added . Figure III is a d  tailed drawing of the 
ntry section showing th baffle placem nt. The baffle was projected 
1 1/2  inches into th conveying pipe and was oriented 45 degrees from 
vertical. 
Front view 
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' I 
I 
, ,  
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- - --
Scale : l" =l" 
..... ...., 
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The haffl s in tl � t st section were constructed from 1/4-inch 
ple iglass sheets. Figur VI i a detailed drawing of  the three dif­
f rent baffle proj ections, 0 . 6 inch, 0. 9 inch, and 1 . 2 inch s, used 
for on angle of orientation of th e baffles. Since baffle spacings 
of 24 inche , 36 inches, and 48 inches were used in the test procedure , 
th baffles had to b pl ced in the conveying ipe so th a minimum 
amount of pipe would be cut. Figure VII is a schematic diagram of 
th yst m showing placement of baffle combinations. 
Piezometer tap i re placed at each end of the ten- foot test 
section to record pressures during operation . A piezometer tap 1a 
also placed just ahead o the baffle over t1e  auger injector inlet 
to record maximum system pressur . Th s e  can be  seen in Figures I, 
VlI, and VIII . The U-tube manometers used to obtain pressur data can 
b s en in Figure IX . Food coloring wa used in the 
to make it more visible. 
Pressure and Velocity Control Valves 
nometer water 
Two Pierce irrigation valves were used to control veloci y and 
pr s ur of the conv yin sy tem during operation . Th v lve on the 
fan inlet was a six-inch valve us d to control the pre sure of the 
system by limiting the quantity of air a ailable for the fan to ener­
gize. The econd valve was four i ches in diameter and 16 inches long. 
It w s placed just ah ad of the cyclone, in the conveyor pip , and wa 
used to control velocity in th conveying system. Figures VIII and X 
show these valves. 
0 . 6" projection 0 . 9" projection 1 . 2" projection 
r- - - - - - -, 
r - - - - - - --, 
, - - - - - - ,  
� ·  ... -
Figure VI . Detniled Drawing of Baffles at the Three 
Projections for 40 Degree Orientation 
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Figure X . Cyclone and Exit Control V lve 
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Variable Speed Drive 
Since it was desired to vary the grain flow rate, it was neces­
sary to utilize a variable speed drive mechanism on the auger inj ector . 
Figure XI is a photograph of the variable speed drive mechanism. 
Figure XII is a schematic diagram of effective pulley diameters for 
both maximum and minimum auger speeds . 
Fan Assembly 
A Dayton one-horsepower electric motor was used to power the 
fan . Th fan was operated at a constant 3450 rpm (revolutions per 
min ute) in a 230 volt circuit . The Dayton scroll typ e  fan was a radial 
type with six blades . Each blade was six inches long and three inches 
wide at the tip. The fan was bolted to two angle irons which were 
bolted to a steel laboratory table . Galvanized sheet metal was used 
to reduce the 3 1/2-inch by 4 1/2-inch fan outlet to a three-inch 
diameter out let . 
Cyclone Assembly 
With pneumatic conveying systems it is always necessary to use 
a cyc lone to decelerate the grain at the desired delivery point . A 
John Deere cyclone from a. small hammermill  was used to accomplish this 
task . Figure X shows the cyclone in conjunction witl th velocity 
control valve . Plexigla s windows on the vertical sides of the cyclone 
were used for visual analys i s  of grain flow thro ugh the cyclone .. 
Figure XIII is a detailed drawing of the cyclone and its supporting 
structure. 
Figure XI. Variabl Speed Drive nd Grain Hopper 
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Grain SupelY Hopper 
A rather small s ppl y  hopper was needed to hold adequate grain 
for a test  run. Since test runs never involved more than 100 pounds 
of  grain, an existing hopper, manufactured by Starline , was utilized. 
Figures XI and XIV are a photograph and a detailed drawing of the 
hopper, respectively. 
Instrumentation 
For adequate and reliable data, rather s imple instruments were 
employed. Two tachometers were used to obtain shaft speed of the auger 
injector. A Stewart-Warner tachometer was used to obtain rough read­
ings. After the auger ' s  speed was within a few rpm of the desired 
speed, a counting type tachometer was used to establi .h the shaft 
speed more precisely. 
A stop watch and a wrist w tch were used to time the t st  runs 
and to time the readin s taken with the counting type tachometer. 
To find air vel ocities in the conveyor pipe, an Alnor velom.eter 
was us d. Since it is a steady flow type instrument a 5/16-inch by 
9/16-inch hole was cut in the conveyor pipe wall to facilitate entry 
of the Alnor, Type 3290, dapter. Rubb r wa hers , sealed with elec­
trician ' tape, were placed on the adapt -.r 1 3/4-inches from the tip .  
Thi fabricated a plug, preventing air leaks, while center vel ocities 
of  the conveyor pipe were measured. After velocity recordings were 
taken, the hole in the pipe w 1 1  was closed with a plug constructed 
from scrap pieces of  plexiglass pipe. Figure XV is a photograph of 
the tachometers and velometer. 
Front view 
Figure XIV. Detailed Drawing of Grain Hopper 
Side view 
- - 7 
I 
Scale : 1"=6" 
N "° 
Figure XV. Alnor Velometer and Tachometers 
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A platform type cale r1as used to weigh samples of grain 
coll cted f om test runs . 
Plexiglass Friction Coefficients 
3 1  
Since little knowledge was desired from this research study 
with respect to coefficients of f riction of the grain particles against 
the conveyor pipe walls, th e system was not designed to extract such 
knowledge. However , it ie known that the roughness factors for plexi­
glass are much smaller than galvanized steel pipe roughness factors. 
Coefficients of • kinetic friction increase as the relative roughness 
factors increase . Therefore, undesirable flow characteristics should 
not result from the use of plexiglass pipe, instead of galvanized steel 
pipe, in this research study with respect to friction coefficients. 
3 
TEST PROCEDU 
An xplanation of the sting procedure is n cess ry for c ari­
f ication o r  ad rs of this thesis and to future researchers in the 
f i  ld of pn umatic conveyance . 
Personn l Requirements 
The apparatus and other contributing equipment were des igned so 
that one person could easily collect sufficient data for reliable 
analysis of the research project. The grain hopper was reloaded after 
each te t run. With a larger grain hopper less reloading would have 
been necessary, ther by s ving time for each run . However, with larger 
quantities of grain the possibility of a heterogeneous sample increases, 
thereb y adding another independent variable to the entire research 
problem. eloading mechanisms could have been added to ease the 
relo d ing after each test run. However , this would have added to the 
complexity of the app ratus in addition to increasing the cost of 
performing the res earch project . 
If additional research is to be conducted on this or similar 
pn umatic systems, the spect of handling grain for reloading purposes 
should be considered to allevia te the physical requirements of h 
research r .  
Data Collection 
The procedure of collecting data was quite simple . Preliminary 
tests had to be conducted to s ufficiently test the entire apparatus for 
its workability and reliability over the entire test range. 
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The range that the system was to be tested over included varia­
tion of  the following: (a) flow rate reduced to terms of auger speed : 
100 ,  150 ,  200, 250, and 00 rp m ;  (b) grain types: sorghum . and soybeans ; 
(c) baffle spacing · 24 inches, 36 . inches, and 48 inches ; (d) baffle 
projections: 0 . 6 inch, 0 . 9 inch, and 1. 2 inches ;  a d  (e) baffle orien­
tations: 40 degrees, 50 degrees, and 60 degrees. It  was necessary to 
make 2 70 individual observations to  yield a complete set of data . 
Arithmetic progression of the levels of ach variable was necessary 
to  employ an exis ing mult iple regression prog am for the IBM 1620 
computer in the resea ch analysis .  
The testing procedure in effect included two parts: one for 
soybean s and one for sorghum . However , to obtain equivalent statis-­
tic 1 result s for corresponding points of both the soybean and sorghwn 
halves of the experiment, the corresponding runs of each half were 
conducted successively . The experimental procedure was also divided 
into three separate levels involving baffle orientations . Since it was 
necessary to recut the plexiglas pipe to change baffle orientations, 
all test runs were performed on a particular baffle orientat ion angle 
before going to t ·  e next one. 
A p rticul r baffle ori ntation angle, 40 degrees, was selected 
to b first tested. The 24 inch baffle spacing was selected at the 
minimum baffle projection, 0 . 6 inch . Then the test runs at the five 
different auger speeds were completed. Following this, the baffle 
projection was changed to the next greater projection and the process  
repeated. After tha three baffle projections had been tested at the 
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five different auger speeds, the baffl spacing was changed to the next 
greater spacing, 36 inches, and the process was repeated . Following 
the completion of the testing at the three  baffle spacings, three 
baffle projections, and five auger speeds for one grain type at a 
particular baffle projection, the grain was changed to the other type ,  
and the above process was repeated. 
When  th testing had been completed for a particular baffle 
orientation, the pipe section containing the baffles was dismantled and 
recut to acconnnodate the next larger baffle orientation angle. Figure 
XVI shows a particular baffle at 40 degree and 50 degree angles of 
orientation. It also shows how the angles on the baffle and t he plexi­
glass pipe were changed so that completely different baffles and pipes 
did not have to be used. Segment (a) is a section of plexiglass 
removed, to facilitate the 50 degree angle of orientation, and replaced 
on the other side of the baffle. Automobile calking compound was u sed 
to seal the baff l e s  from air leakage. The compound was recovered and 
reused for each baffle change. 
The procedure for a particular test run was quite s imple and 
short. The time involved for a particular test run involved approxi­
mately five minutes . The grain hopper was loaded with grain. Then 
the system was tarted to preset the sy tem to a particular auger speed 
and a conveyance velocity above the minimum co veyance rate. To obtain 
the minimum conveyance velocity, the irrigation valve at the end of 
the conveying line was gradually clo ed tmtil the c onveyance of the 
grain was just above the lodging velocity. The system was then shut 
Baffle with orientation of 40 degrees and 
projection of o . 6" 
Segment ( a )  
Baffle with orientation o f  50 degrees and 
projection of 0 . 6 1 1 
( a )  
Figure XVI . Method of Cutting Pipe to Change Baffle Orientation 
Angle from 40 Degrees to 50 Degrees  
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off, the grain collectin basket was emptied into the grain hopper, and 
the ystem was readied for test run. The s ystem was then restarted 
along with a stop watch . The irrigation valve at the end of the con• 
veying line was reset to insure minimum conveyance velocity. The auger 
speed was read from the precision tachometer and was recorded. Th en 
the nometers w ere observed and the pressures, in inches of water , 
were recorded. After three minutes of operation, the auger inj ector was 
shut off and the air velocity was measured by use of the velometer . It 
was not necessary to obtain air velocities during the time when grain 
was flowing since the velocities during and . after grain flow operation 
were nearly identical . The fan was then shut off , the grain sample 
collected in the basket was weighed, and the weight w as recorded. This 
completed one test run . 
Samples o f  both the soybeans and sorghum were collected at ran­
dom during the testing period . After a number of tests had been 
completed, another sample was collected . These were used to give 
crackage information and characteristics of the auger inj ector. 
When grain type were changed, there was a certain amount of 
mixing of the two grains . This occurred in the auger inj ector. 
However, almost all of the mixed grains were recovered and s eparated 
by a screening process . Thi kept th g �ain supplie at almost a con­
stant amount, eliminating additions of grain throughout the testing 
period . To insure grain uniformity, all the grain was screened to 
eliminate large variation in grain size. 
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RESULTS OF TESTS 
The test results of the pneumatic conveyor ys tem used in thi,s 
project have been divided into a number of individual sectio s so that 
a mor systematic analysis would re ult . Each s ection involved a 
partic ular component of the system. Each of these  sections was further 
subdivided . 
Fan Performance 
Each fan type has particular performance characteristic,s which 
are valid only for the particular type of fan under consideration. 
Table 1 represents typical data which was taken during preliminary oper­
ation of the fan whe no grain was being conveyed . F igure XVII is a 
graph of total and static pressures that the fan is capable of devel ­
oping at various velocity levels. The difference between the total 
nd stati c pressure curves represents veloci ty pressur • The ve ocity 
pre s ure can be express ed by the equation: 
Pv • v2/2g (2) 
where: V = velocity of air ,  feet per second 
g = gravitational acceleration, 32. 2 feet/second2 
• v � velocity pr ssure , feet of a · r . 
Static pre sure data were reco ded in inches of water pressure . 
There fore, to  convert Pv to inches of water pre sure, 
2/2g is multi-
plied by a constant 0. 0143 . Equation (2 ) then becomes: 
Pv = 2 . 22 X 10 -4v
2 (2a) 
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Table 1 . Fan P rformance Data for System Conveying Air Only 
Static Air Velocity Total Air 
Pressure Velocity Pressure Pressure Horsepower 
(in . o f  (fpm) (in . o f  (in. of 
water) water) water) 
5. 8 3800 0 . 89 6 . 7  0. 169 
6. 6 3100 0. 59 7 . 2 0. 148 
6 . 9  2 500 0 . 39 7. 3 0. 12 1 
6. 9 2400 0 . 36 7 . 3  0. 1 17  
6 . 7  3400 0 . 7 1 7 . 4 0. 167 
7 .0 3000 0 . 56  7. 6 0. 152 
7 . 1 2900 0. 5 7 . 6 O. J.47 
7 . 2 850 0. 50 7. 7 0. 146 
7 . 2  2800 0. 48 7. 7 0. 143 
6. 4 3000 0. 56 7.0 0. 140 
6. 7 2400 0. 36 7 . 1  0. 113 
4. 9 39 50 0. 96 5. 9 0. 155 
6. 1 300 0. 67  6. 8 0. 149 
6. 6 2900 0. 52 7. 1 0. 137 
6. 7 2800 0. 48 7 . 2 0 . 134, 
6. 7 2600 0. 42 7 . 1 0. 123 
2 . 7 4300 1 . 14 3. 8 0. 109 
4. 9 2900 0. 52 5. 4 0 . 104 
6. 3 2400 0. 36 6. 7 0 . 107 
5 . 5  3200 0. 63  6. 1 o . 30 
6. 3 2900 0. 52 6. 8 0 . 131 
6. 5 2800 0. 48 7 .0  0. 130 
6. 5 2700 0. 45 7 .0  0. 126 
6. 5 2600 0. 42 6. 9 0. 119 
5. 1 200 0. 30 5. 4 0.079 
6. 1 2 100 0. 2 7 6. 4 0. 089 
5. 3 2700 0. 45 5. 8 
0. 104 
6. 3 2 700 0. 45  6. 8 
0. 122 
6. 1 2 700 0. 45 6. 6 0. 119 
5 . 8  2450 0. 37 6. 2 0 . 10 1 
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As explained in the "Apparatus" section, the irrigation valve 
at the fan inlet controls maximum static pres ure of th s ys tem , and 
the irrigation valve at the end of the conveying line controls velocity 
of the system. Figure XVIII is a graph of the relationship between 
s tatic pressure of the system and velocity at the c onveying pipe 
center . The numbers on the graph represent revolutions from full open 
of the valve ' s  shutoff control handle. The enclosed rectangular area 
on the graph shows the operating area in which the fan and valves were 
operated. Table 2 lists data used in Figure XVIII . Figure XVIII also 
gives values of total energy of the moving air. It is expressed in 
terms of air horsepower which can be calculated from the following 
equ tion: 
Air horsepower • q-r.H/33,000 
where : q volume of air delivered, cubic feet per minute 
y = specific weight, pounds per cubic foot 
H = total pressure, feet of air. 
(3)  
For this equation y is given the value of 0. 0 75 pounds per cubic 
foot . To g t H in feet of air , the total pressure in inches of water 
must be multiplied by a constant, 69. 7. Air velocity can be converted 
to volumetric flow by multiplying it by the conveying duct ' s  cross ec­
tion 1 area, 0 . 0491 s quare eet , and a c nstant , C • 0. 85, determined 
experimentally . Equ tion (3) then b comes : 
-s 
Air horsepower = 0. 665 x 10 Vh 
where : V = air velocity at pipe center, feet per minute 
h - total pressure, inches of water. 
(3a) 
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Tabl 2. F an Calibration D ta o r  System Conveying Air Only 
Valve 1 Valve 2 p 3 Velocity Valve 1 Valv 2 p 3 Velocity 
volutions in. £pm R volutions in . fpm 
from open of from open of 
H20 H20 
1 1 2. 8 7000 24 30 6. 3 2400 
15 3 . 8 5800 2 5. 5 3200 
18 4 . 7 5000 27 6. 5 2800 
2 1  5 . 8 3800 30 6 . 5 2600 
2L� 6. 6 3 100 
7 6. 9 2 500 2 7  l 0. 6 3600 
30 6. 9 2400 15 0. 9 500 
4 6 . 7 400 18 1 . 3  3300 
2 7  7 . 1 2900 2 1  2 . 2 3000 
30 7 . 2 2800 24 3. 4 2700 
2 7  5. 1 2200 
18 1 • • L� 6500 30 6 . 1  100 
15 3 . 2 5500 
18 1..� . 2 5000 28 1 0. 4 2950 
24 6 . 4 .:>000 1 5  0 . 6 2850 
30 6 . 7 2400 18 0. 9 2800 
2 ·  1 . 5  2 550 
2 1  1 1 . 9 6000 4 2 . 6 2450 
15 2. 7 5600 27  4. 2 2450 
18 3. 6 5100 30 5 . 8 2450 
2 1  4 . 9 3950 
24 6 . 1 3300 30 l 0. 1 1250 
7 6. 7 2800 1 5  0. 1 12 
30 6 . 7 2600 18 0 . 3 1250 
2 1  0. 5 1400 
24 l 1 .4  5200 24 0 . 8  1500 
18 2. 7 4300 27 1 . 9  1900 
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Manometer An lysis  
The manometer board, shown in Figure IX, was locat ed below the 
conveying pipe . It can be noticed that the reference place of the 
colored water in the U-tube manometers is not at t he same level for all 
four manometers . This is of l it t le  consequence s ince one inch of water 
pressure is  equivalent to 69. 7 feet of air pressure. Therefore , the 
relative gain in manometer press ure , as a result of a lower fluid level 
in a specific manometer . is much less than the smallest readable incre­
ment of pressure on the manometer. However, had t he manometers been 
located at elevations that vary a number of feet,  then a correction 
factor would have to be included for precision in t he research project . 
The food coloring in t he manomet er water represent ed such a 
small amount of the total manometer fluid that the specific gravity of 
the colored water was essent iall y  unchanged. 
Auger Inj ector Analysis 
To analyze the auger injector performance, it was necessary to 
divide thi section so that certain part s  of the injector could be 
analyzed in a systematic method. The analysis was divided into the 
following categories: (a) air losses, (b) theoret ical and experiment 1 
flow capabilities, (c) plugging chamb r and conveyor entry section, and 
(d) crackage characteristics. 
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Air Losses 
The average pressure at piezometer tap number two, located 
djacent to the injector grain entry, was 1 . 45 inches of water for 
sorghum and 1. 69 inches of water for soybeans . The pressures varied 
from 1 . 3 to 1 . 6 inches of water for orghum and 1. 6 to 1. 8 inches of 
water for s oybeans. A auger speed increased,  the p ressure at piezom­
eter tap num ber two increased. However , the pressure increase was very 
small over the test range. 
The air loss through the auger injector is a function of usable 
void space. Since data is unavailable for void space of sorghum and 
soybeans, imple experiments were conducted to determine the number of 
grain particles that could be placed in a cross sectional area repre­
s ntative of the injector. To accomplish the task of evaluating void 
pac , the radius of the particle must be found . Assuming that the 
grain particl s are spherical .  the radius of a particular particle may 
be determin d if th volume is known. The fol lowing expression i u ed. 
V = 4/3 7T r3 (4) 
where :  V = volum in cubic centimeters (cc) 
r = radius in centim ters 
Table 3 s hows data collected from t sts run to determine the 
velum s of finite numb rs of grain parti l s . Water displ cem nt tech­
niques were us d to obtain the necessary volume data. A grad uated 
cylind r was filled to a desired level with water. Th n a number of 
particles were added . The resulting volume increase is equivalent 
to the volume of th grain particles . The tests were replicated to 
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Table 3. Water Displacement Data for Grain Volume Determination 
Soybeans 
Number Replication Average Replica t ion Average 
Te ted 1 2 
!412 !cc . l {cc . } (cc . }  (cc .} 
0. 55 0. 60 
10 1 . 2 5  1 . 20 
15  1 . 80 1 . 75 
20 2. 35 0. 1 18 2 . 35 0 . 1 18 
50 6. 0 5. 5 
100 12 . 0 12 . 0  
150 1 7 . 5 17. 5 
200 23 . 0 0 . 1 15 23 . 0 0 . 1 1 5  
Sorghum 
Number Replication Average Replicat ion Average 
Tested 1 2 
,1,1 {cc . }  {cc . )  {cc . )  {cc . l  
so 1 . 10 1 . 10 
100 2 . 20 2 . 25 
1 50 3. 40 3 . 35 
200 4. 60 0. 023 4. 50 0 . 0 25 
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assur reasonably accurate results. Using equation (4) and the average 
volume of a s oybean and sorghum particle, the des ired particle radius 
can be found. Radii of 0. 1187 inches and 0. 0694 inches were determined 
for soybe us and sor hum, respectively. 
Table 4 shows experimental values of the number of grain parti• 
cles that can be placed in a circular area whose diameter is three 
inches. Average numb rs , obtained from the three replications, are 
134 soybeans and 401 sorghum seeds . The cross sectional area of the 
auger injector pipe must be corrected to al low for the auger shaft . 
The corrected cross sectional area can be calculated by the equation: 
w here : A = c ross sectional area, square inches 
r0 radius of pipe (inside), inches 
r1 = radius of auger shaft, inches. 
(5) 
A value of 6. 7 62 square inches was calculated as the corrected 
cro s sectional area. E uation (5) in an altered form expresses th 
cros sectional area of an individual grain particle. Equation (5) 
then becomes: 
where: r radius of 
A 7T r2 (5a) 
grain particle, inches. 
The total cro s sectional area of ·h grain particl s laid in 
the enclosed ar a of a three-- inch inside diameter can be found by the 
equation: 
A = n 1t r2 (Sb) 
Table 4 . Number of Grain Particles That Can Be 
Placed in 3 . 0 Inch Diameter Circle 
&eplication Soybeans Replication 
1t 11 f; 
1 1 34 1 
2 137 2 
3 132 3 
== avera8e 1 34 avera§e 
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Sorghum 
41 
404 
409 
390 
40 1 
where : = cross s ctional area of n particles, square inch 
n = number of particles in enclosed area 
r = radius of particle, inches . 
The area occupied by grain particles involves·: 5. 9315  square 
inches for soybeans and 6. 0671 square inches for sorghum. The void 
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spaces across the given cro s section are : 0. 8 30 square inches for soy­
beans and 0. 695 s quare inches for sorghum. Expressed in percentages 
of total cross sectional area, the void spaces are : 12. 27 per cent for 
soybeans and 10 . 28 per cent for orghum. The ratio o f  the percentages 
closely fits the ratio of average pressure losses through the auger 
injector. 
To determin th quantity of air los t through the injector, 
velocity measurements wer taken at the gra in surface in the hopper. 
Table 5 shows the condition und r which the data was taken, the equip­
m nt used, and the actual data recorded. The average velocity over the 
entire grain surface was calculated. Knowing the average velocity and 
t h  area at the grain surface, the uantity of air loss could be 
calculated using the following equation: 
Q = VA (6) 
where: A =  area at the grain urface, squate f et 
V = velocity, feet per minute (f ) 
a quantity of air lost, cubic feet per minute (cfm) . 
Air loss value of 3. 161  cfm for sorghum and 3. 645 cfm for soy-
beans were calcula ·ed. From these values and equation (5) it is easy 
to calculate the air velocity in ti1e a uger injector void space. 
Table 5. Air Velocity Data Used to Determine Air Los es 
Through th Auger Injector 
Data Position at Top of Hopper 
1 2 3 4 5 6 7 
10 1 1  l 13  14 15 16 
19 20 2 1  2 2. 23 4 25  
l8  29  30 3 1  32 33 3,. 
27 ' 
Top cross sectional area: 2 . 25 square feet 
Grain depth :  1. 50 feet 
8 9 
17  18 
2 6  2 7  
35 36 
Cross section 1 area at top of grain : 1. 75 square feet 
Auger speed: 0 rpm 
Air velocity in conveyor pipe: 3350 £pm 
Baffle spaci g : 6 inches 
Baffle proj ection : 0 . 9 inches 
Baffl orientation: 50 degrees 
Instrwnent : Alnor v lometer with #2 778 orifice 
Position Velocity Position 
11 fEm 4; 
sorghwn soyb ans 
1 0 0 19 
2 0 0 :lO 
3 0 0 2 1  
4 2 . 5 2. 5 22 
5 s . o 7. 5 23  
6 ' • 5 . 5 4 
7 0 0 25 
8 0 0 26 
9 0 0 27  
10 0 0 28 
1 1  0 0 29  
1 ·  2. 5 2 . 5 30 
13 s . o 5. 0 1 
14 7. 5 10 .0 32 
15 5. 0 5 . 0 33 
16 2 . 5 2 . 5 34 
17 0 0 35 
18 0 0 36 
Average 
V 
sorghum 
0 
2. 5 
5. 0 
7 . 5 
5.0 
2 . 5 
0 
0 
0 
0 
0 
2 . 5 
5.0  
2 . 5 
0 
0 
0 
1. 806 
T 
12 " 
l 
locity 
fEm 
soybeans 
0 
0 
2. 5 
5.0 
10 . 0 
5. 0 
2 . 5 
0 
0 
0 
0 
0 
2 . 5 
7. 5 
2 . 5 
0 
0 
0 
2 .083 
9 
50 
Velocities o f  654 fpm for sorghum and 613 fpm for soybeans were calcu-
1 ted. It was reasoned that the velocity in the injector void space 
for t1e soyb eans should be almos t equivalent to the corresponding air 
velocity for the sorghum provided that the air losses were proportional 
to th void space in the cross sectio n l area of the injector. 
Grain Capacities 
Henderson and Perry (5) express the theoretical capacity of an 
auger by the following equation: 
wh re: 
Q = 
36. 6 
C_ = capacity . pounds per hour 
D = auger diameter . inches 
d shaft diameter, inches 
P • auger pitch, inches 
rpm = shaft spe d, revolutions per minute 
e = grain density, pounds per cubic foot. 
(7)  
Using measured values of: D = 2 . 875  inches, d = 0 . 625 inches, 
P = 2. 875 inches, � 40 pounds per cubic foot for sorghum, and � = 48 
pounds per cubic foot for soybeans, equat ion (7) becomes : 
sorghum
= 24. 7440 x rpm 
and 
Q soy eans a 29. 6928 x rpm 
(7a) 
(7b) 
To account for efficiency of the auger under operating conditions, 
a cons tant, C, must be added to equations (7a) and (7b) . Henderson and 
p rry (5) advised that 0 . 50 � C � 0. 60 represent typical efficiency 
51 
coefficients . For each particular system or auger type specific coe f ­
ficients  should b e  determined. From data in Appendix A ,  regression 
equations of grain flowrate versu auge speed can be developed using 
a statist ical procedure Steel and Tori· (12) use a method of deter-
mining a linear regression equation by  applying the following 
expression :  
a +  bX 
where: Y - depend nt variable , flowrate in pounds per hour 
a intercept on the y-axis 
b slope of the regression line 
X = independent variable , auger speed in rpm. 
(8)  
To determine th y-intercept , a, the mean flowrate, y ;  the mean 
uger speed ,  x ;  and the regression coefficient, b ;  must be known. To 
det rmin the regre sion coefficient, b, the sum of cross product of 
the deviation of the observations f rom th ir corresponding means nd 
th sum of squares of X must be calculated. Val ues of b 7 . 0515 for 
oybeans and b 4. 0513 for sorghum were calculated. The calculated 
regression equations for soybeans and sorghum, respectivel y, are : 
Y • 82. 963 + 7. 05148X (8a) 
and 
8. 629 + 4. 05133X (8b) 
Figure XIX shows both the tl eoretically  and experimentally 
determined equations in graph form. From the graph th fficiency 
coefficients can be evaluated to sufficient accuracy. Coefficients of 
C = 0. 2 55 for soybeans and C = 0. 165 for  sorghum were established. The 
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fficiency coefficients are significantly lowe t an s uggested b y  
H nd rson and P rry . A n umb r o f  condi !ons exist in this application 
of augers that norma ly are nonexis tent . In most app lications a h  ad 
of grain abov t· e las auger convolution is not present . This undoubt-
dly l owers efficiency . The auger efficiency is also lowered b y  air 
movement throug t 1e aug r coupl d wit operation against a static 
pressure head . Th se and other conditions present adverse conditions 
that result in lowered o p eration effici ncy . 
Conveyor Pipe Entry Section 
A brief anal ys is of the entry section, where grain is introduced 
into the conveyor line from the auger inj ector, is necessary . Some 
preliminary tests were cond ucted without a baffle res triction over the 
grain inlet . Bridging of grain in th conveyor pipe resulted . The 
l ngth of  the grain bridge remained less than ten inches while the 
depth of  the grain was alway 1 ss than 1/3  of the ins ide pipe d iam­
eter. This bridging was caused by in ufficient ir for acceleration 
of the grain at an almos t  instantaneous rate . The insufficiency was 
attributed to a number of conditions : low air velocitie , low den­
sities , and consequently, low mas flow of air . The grain bridging 
effected a restriction that increased air elocity across the s ection. 
This produced satis factory flow condit ions as far as acceleration of 
grain was concerned. However, part of the grain bridge would s eparate 
and cause plug cond itions at other points in the conve yor l ine . As a 
result, it was decided to place a plastic baffle over the grain entry 
to incr ase acceleration rates and to decrease or eliminate bridging 
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eff eta . Figure III shows this baffle . The flow conditions surround­
ing th grain entry were improved so that very satisfactory operation 
resul ted with no grain bridging evident. With increased velocity 
across the grain entry and fast r grain acceleration rates , th static 
pressure in the auger injector decreased . This , in e ffect, reduced air 
losses through th injector. 
Statistical Analy is of Grain Crackage 
The auger type inj ector is known to crack grain . To evaluate 
the er ckage in this research project, random grain samples were taken 
at two different points during the test p riod for both grains . The 
cracked grain p rticle were separated from the undamaged ones. Total, 
cracked, and whole part icle weights were obtaine d  for both s oybeans nd 
sorghum. The weights were adjusted so that the total weights for both 
s ampl s of a grain were equivalent . The number of grain supply circu­
lations were computed so that er ckage on a per test b asis could be 
obtained . Tabl e 6 shows the original crackage data an d  the adjuste d  
crackage data. 
To naly ze  th data, t e statistical analysis proced ure of chi­
square, j:;� , was mployed . Steel and Torie (12) defin Z1 by the 
quation : 
where : Oi = observed number ( final weight) 
Et = expected number {initial weight) 
n = number of classes .  
(9 ) 
Tabl 6. C rackage D ata for Soybeans and So rghum 
Original Samples 
Sorghum Soibeans 
whole cracked total whole cracked 
gms . S!!!S sms . gms. fil!S 
Initial 142 3 145 1 12 11  
Final 122 12 1 34 1 13 23 
Original Samples with Total Weights .Adj usted 
Sorshum So:2:beans 
whole cracked total whole cracked 
&!TIS • gms . sm gms . gms. 
Initial 142 3 145 123. 8 12. 2 
Final 132 13 145 1 13 23 
Number of Complete Circulations and Test Runs, Respectively 
Soybeans: 
Sorghum : 
66. 22 
17. 18 
135 
60 
Ori inal Samples with Weights Adj usted to a Per Tes t  Basis 
Sorghum Soibeans 
whole cracked total whol cracked 
�s . gms . gms . gms . gms . 
Initial 142 3 145 123 . 84 12 . 1 6  
Final 141 . 85 3. 15 145 123 . 21 12 . 79 
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total �-
123 
136 
total 
gins . 
136 
136 
total 
g_n1s . 
136 
136 
and 
Computed values of [� are: 
,t
1
soybean = 0 . 0358 
1
t 
= 
sorghum · oo7 7  
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Degrees of freedom for testing i� = number of classes - 1 = l . 
Since grain crackage may be a very important factor, it was decided to 
declare s ignificance at the O . 950 level. Values o f £
,._ 
were in the 
following ranges: 
0 . 900 > ,t':oybean = 0 . 0358 :, 0 .  7 50 
and 
0 . 950 ::> z:orghum = 0 . 007 7 > 0 . 900 
Therefore, there were insignificant differences between the 
observed and expected weights of the grain samples when te ted at the 
0 . 950 level . From this it can be concluded that the grain cracking 
characteris tics of the auger injector are not critical for this typ 
of system . Figures XX and XXI show the crackage samples . 
Conveyor P ip Analysis 
This part of the analysis has been divided  into four parts so 
that the results are mor meaningful . 
Velocity Distribution in the Conv yor Pipe 
To simplify velocity recordings , a me thod was d vised  so that 
only velocit ies at the pipe center needed to be observe d .  If the 
center velocity and the velocity dis tribution are known for the con­
veyor pipe, a constant can be calculated to determine average air 
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C R A C K  E ll  
Figure XX .  Sorghum Crackage Sample 
W H O L E  
Figure XXI . Soybean Crackage Semple 
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velocity in th pipe .  From this the quantity of air flow in cfm can 
e ily be computed. To valuate this constant, the equal area technique 
of velocity sampling was used. The pipe cross section was divided into 
four, qual area, concentric rings . Each concentric ring represented 
1/4 of th total cross sectional area . With the Alnor velometer and a 
pitot tube, air velocity data was sampled from th midpoints of each 
of these rings on horizontal and vertical traver ses. Th velocity at 
the pipe center was also sampled. Table 7 shows the pipe cross section 
with numbered midpoints of the individual areas . The average velocity 
from sampling of th eight points on the two ·traverses was 2978 fpm . 
The center velocity was 3500 £pm. From the quotient of t ese two values 
a constant of C = 0 . 85 was determined. A s econd sampling procedure was 
carried out with a center velocity of 3100 £pm. A constant of C = 0 . 84 
was determined for this particular condition. It was reasoned that a 
constant of C = 0 .85 would satisfactorily repr sent the neces ary con­
stant since higher cen er velocities would yield proportionat ely larger 
constants, equalizing ·h  constants of less than C = 0. 85 . 
The velocity front was graphed to further illustrate th air 
flow condition in the conveyor pipe. It can b noticed that the 
velocity front is nearly symmetrical around the pipe center on the 
horizontal trav rse . Th vertical traver e condition shows a skewed 
velocity front with the lower half o the pipe having a higher a erage 
velocity. This condition was acceptable s ince a majority of the con­
veyed grain would travel in this part of the pipe, ther eby utilizing 
the higher energy air to a more complete extent . Since the baffles 
Tabl 7 .  Velocity Distribution Data for 
Conveyor Pipe Cross Section 
Sampl V locities 
Position Horizontal Vertical 
Trav r e  Travers 
fpm fpm 
1 2500 " 2 50 
2850 2700 
3 3200 3200 
l� 3400 3350 
5 3400 3450 
6 32 50 3300 
7 2800 2 900 
8 2450 2650 
av ag 
velocity 2981 2975  
average 
velocity 
from two 
t avers s 2978 
C 3500 3500 
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were projected into the air stream from t1e pipe top ,  th semi-venturi 
effect woul d occur at or near the pipe bottom. F igure XXII is a graph 
of the velocity fronts for th two traverses. 
Reynold Number 
To further define the air flow in the conveyor pipe,  the Reynolds 
number for the airstream describes the flow in terms of laminar or 
turbulent conditions. If the Reynolds number is les s  than 2 1 30, the 
flow is described as being laminar. eynolds n bers  over 4000 
describe turbulent flow condit ions . Reynolds number is expressed as: 
R = VD ·'f/f 
where: Re = Reynolds number ,  dimensionless 
V average velocity, feet per second 
D = inside d iameter of pipe, feet 
-Y specific weight, p ound /cubic foot 
J, a fluid v:scosity, pounds/ foot s cond. 
(10) 
For the velocities used in this proj ect, Reynolds numbers were 
above 70, 000 . Therefore , turbulent flow conditions existed at all 
times. 
Turbulent f lo, characteristics �ere des ired since this theoret-
ically permitted greater mixing of the grai ., with the air. With greater 
mixing ch racteristics less grain settl ng should occur in the conveyor 
pipe, th reby improving flow characteristic through the conveyor. 
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Analysis of Flow Across a Baffle 
The flow across a baffle section is dependent on the air condi ­
tions. Grain flow characteristics are completely dependent since grain 
acce leration and vel ocity result from the immediate air conditions 
surrounding the grain particles. To analyze the grain flow ,. an anal ... 
ysis of air flow across a baffle section must be presente d. 
Yennard (13) describes much of the fo l lowing analys is for 
compress ible flow o f  an ideal gas. Air , in this instance, has to be 
assumed an ideal gas . The following diagram shows the conditions in 
schemat ic form. 
1-----:? V. 
A ,  A,. 
The following symbols are used in the analysis : 
p = pressure, pounds per feet2 
� density , s l ugs per feet 3 
T = absolute temperature, 0 nkine 
V = velocity, fe t per second 
2 A = area, feet 
z = height above datum, feet 
2 g = gravitat ional acceleration, feet per second 
Y = specific weight, pounds per feet 
k = adiabatic exponent, dimensionless 
G = weight flowrate, pounds per second 
Y = expansion factor , dimensi onless. 
Euler ' s  differential equation for o e-dimensional flow is : 
dp/\ + VdV + gdz = 0 
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( 1 1 )  
However, in flows of ideal compressible gases, the term gdz is 
as sumed zero s ince pressure and velocity changes are predominant and 
elevation changes negligible. Therefore, equation (1 1 )  becomes: 
dp/\ + VdV = 0 or dp/y + VdV/g 0 ( l la) 
The sam differential equation can also be found by using the 
total energy equation for compressible flow in an isentropic thermo­
dynami c process . Integrating the Euler equation along the streamline 
for is entropic 
V2 s 
V1 
flow 
VdV 
- - -- = 
g 
of per fect gases, 
P1 
� 
dp 
P2 
y 
V� - Vi 
= -- -- -- - - -- - = 
2 g  
in which the integration was performed 
relation : 
it becomes: 
t k-J 
P1 k l - [�;��] T - - - -- - -- - ( 12 ) 
y k - l 
by substitution of the isentropic 
( 13) 
To define the f low in terms where fl wrate is desired, equations 
(12) and (13) and the expression: 
(14) 
must be solved simultaneously . This yields : 
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(15) 
Since equat ion (15) is rather difficult to handle , it is some­
ti implified by u ing an exp ansion factor, Y . Y is defined in 
terms of A2/A1 , pzlPi, and k ,  and thus may be computed indep endently 
nd present d in table form. It is expressed as : 
Vennard (13) and other authors have t ab led values of Y for dif­
ferent relationship s  of area, pressure, a11d adiabatic exponents. Equa­
tion {15)  then reduces to t he workable f orm:  
Pl - P· 
( 17) 
I t  is  felt by the researcher that further  nalysis of air flow 
in either graph or table form , as a result of the above development , 
would lack sufficient precision for completely reliable results. 
Air conditions during the test period were semi-controlled. 
Temperature in the l aboratory fluctuated within a range of 5 degrees 
Fahrenheit with a ean temperature of app roximately 70 degrees 
Fahrenheit . The atmospheric pressure was eq 1ivalent t o  the outside 
b arometric pres ure. Th • Weather Research Room, and allied weather 
st ation, in Agricultur al Engineering at South Dakot a S tate University 
maintain a cont inuous record of atmospheric pressure . From these 
records, air pressure data could be  correl ated with any particul ar 
test in the experimental research period . 
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From thermodynamics the air flow could be reverted to tandard 
conditions by the equation : 
where : 
( 18) 
s = standard flow, cubic feet/minute ( 14. 7 psia and 535 
degrees Rankine) 
Oi = indicated flow , cfm 
Q
L 
= indicate d  flow loss through inj ector , c fm 
Ps - 14. 7 pounds/square inch absolute (psia) 
Pi = 14 . 7 plus gage pressure, ps ia 
T8 :a 535 degrees Rankine 
Ti indicated temperature , degrees Ranki ne. 
Because of the loi a ir losses and small fl uc tuations o f  atmos· 
pheric press ure and temperature, the correction from eq uation (18) i s  
insignificant when c onsideration is given to the ac tual flow condit" ons. 
Th radical in eq uation (18) is nearly equivalent to one in all cases .  
Since Q << 01, �i is approximately eq ual to Q8 • 
Vis ual flow analysis presented some interesting characteristi cs . 
When grain flow was above the minimum conveyance velocity ;  air grain 
mixing and grain refraction from baffles and pipe walls were very 
prevalent . Uniform flowing conditions of the mixture  were present at 
all times when excessive air velocities wer,. pre ent. At conveyance 
velocities wher no grain settling occ u red , a semi -slug condition 
xi ted . Small quantities of  grain formed slugs between the b affle 
locations . When the small slugs passed a baffle restriction, accelera­
tion occurred and  disintegrated the slug of grain . Large fluctuations, 
re lative to total static press ures in the test section, occurred when a 
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clug of grain pas sed a baffle re trict ion. To overemphasize, it 
appeared that the slug shut off air f ow causing the static pressure to 
increase to a point where the slug blew free of  the baffle restriction . 
Of cours e, this  could not be true in actual ity since all grain down­
stream from the shut off would cease t o  flow causing an eventual plug 
condition at all points in the c onveyor pipe. When air velociti s were 
inadequate to maintain g ain flow , settling occurred f ir st at the end 
of the tes t se tion and proceeded towards the grain entry . As the 
set tled grain depth increased,  the air velocity naturally increased . 
1 th  this s mall amounts of grain were being conveyed along the top of  
th grain surface in  the pipe. Static pres s ure l oss  also increased 
beca u  e of higher air velocitie and greater e ffective roughness co  f­
ficients for the pipe boundaries . The grain on the pip bottom 
fabricated a rough boundary . 
In general , the flow was very satis factory and produced no 
undesir ble conditions which would cause redesign for general 
application . 
St tic Electricity 
Various ins tal l  tions have had problems with stat ic electricity 
production in pneumatic conveyors . Large a�plications, such as ele­
vator and dock ins tallations, have re�li zed the problem and resulting 
danger that occurs with the prod uction of s tatic electricity . The 
largest danger occ urs when dust problems are present . Static el c­
tricity production results from the c ontinuous kinet ic friction of 
grain agains t  the pipe walls . 
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In this test apparatus static electricity was es pecial y noticed 
because of t h  nature of  t he materi als used. Plexiglas s and smooth , 
shiny oybeans produced the greater intensity. Sorghum under identical 
operating conditions produced significantly less intensities. Because 
of surrounding conditions, little concern was given to the problem 
other than this pa ssing colllilent. 
Stat istical Analysis 
Multiple regres sion techniques and the IBM 1620 compu ter iere 
u sed to s tatistically analyze the t st data . · Multip le regression was 
used since the nature of he regression of the dependent variable on 
each of the independent variables appeared to be linear. The dependent 
variables were measured without error which further led to the use of 
mul tiple regression. 
The form of the egression equation is imilar to th t of 
equation (8) . Modified for four independent variab les, the equ tion 
becomes: 
where : y = air velocity, fpm 
X1 
= baffle spacing, inches 
Xz = baf fle orientation, d grees 
X3 baffle projection, inches 
X4 grain flowrate, pounds per hour 
x1 and y = means of corresponding variables 
bi = partial regression coefficients of corresponding 
independent variab es . 
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A cons tant introduced into equatio (1 9 )  simplifies the equation 
to th form : 
Y a +  b1X1 + b2 X2 
+ b3X3 + b4X4 
where: a = Y - (bfX:1 + b2x2 + b3x3 + b4x4) 
(20) 
(2 1) 
Using computed values from Tables 8 and 9 .  regression equations 
are found for the analyse of soybeans and sorghum, respectively: 
and 
Y = 3007 . 1868 + l . 70 94 X1 - 0. 0068Xz - 116 . 4670X3 + 0. 2 960X4 (22) 
y = 2 757. 5682 + l. 50 17 X1 + 3. 3061X2 • 36. 6607X3 + 0. 2 994� ( 3) 
Analyzing the standardized partial regression coefficients ,  
meas ures of standard deviations from corresponding means, it can be seen 
that X2 in the soybean analysis and X3 in the sorghum analys is appear 
to be of little relative importance. Comparison of  any two s tandardized 
partial  regressio coefficients indicates the re lative importance of 
the independent var iables involved. To determine if the above entioned 
independent variab les contribute anything to the regression, t hey are 
omit ed from th  nalysis ,  and the values in Table 9 ar recomputed. 
Table 10 sho is the recomp uted val ues of Table  9.  Tests of s ignificance 
for the independent variables are evaluated by using the statistical 
F test.  The F tests are performed by compari ng the q uotient of  the 
dif ference of  r d uction mean quares and tl,e rror mean sq uare wit h 
tabled F values for appropriate degrees of freedom ,  d f. For s oybeans 
the F val u to tes t X2 was found to be F = 0. 0002. Since F was non­
significant, x2 can be dropped from the soybean mul t iple regression 
Tabl 8. Computed Value s for Multip le Regression 
Soybeans 
S orghum 
. 1 = 36 inches 
x2 = 50 degrees 
x
3 - 0 . 9 inches 
x4 = 1 503. 2 pounds/hour 
y = 3408. 5 £pm 
a = 3007 . 1868 
x.1 = 36 inches 
x.2 = 50 degr es 
x3 = 0 . 9 inches 
x4 = 821. 8 pounds/hour 
y = 3190. 0 fpm 
a = 2 757. 5682 
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Table 9. Multiple R gression Results 
Grain 
Type 
Sorghum 
I dependent 
Variables 
Standardized 
Partial 
Regression 
Coefficients 
0 . 14-08 
0 . 2583  
-o . 0859 
0 . 8820 
R duction sum of squares = 10 , 372. 363 
Error um of quares � 966. 098 
R2 0. 9147 
Soybeans 
R - 0 . 9564 
0. 0993 
-0. 0003 
-0 . 1692 
Reduction sum of square 
Error sum of squares 
0 . 9264 
26, 290 . 863 
= 3 . 229. 934 
R2 = 0 . 8905 R = 0. 9437 
x1 = baffle spacing , inches 
x2 = baffle orientation ,  degrees 
x
3 
= baffle  proj ection, inch s 
X4 = grain flowrate, pounds/hour 
Y - air velocity, fpm 
Partial 
Regression 
Coefficients 
1. 50 17 
3. 3061 
-36 . 6607 
0. 2994 
1. 7094-
-o . 0068 
-116. 4670 
0. 2 960 
7 1  
Table 10. Multiple Regression Results Dropping 
One Independent Vari able 
Grain 
Type 
Independent 
Variables 
Standardized 
Partial 
Regress ion 
Coefficients 
Sorghum 0 . 1408 
0. 2584 
0. 881 
duction sum of squares = 10, 288. 627 
Er ror sum of quares = 1,049. 834 
R2 = 0 . 9047 
Soybeans 
R = 0. 952 5 
0 . 0993 
-0. 1692 
0. 9265 
R duction sum of squares = 26, 290. 858 
Error sum of squares = 3, 229 . 939 
a2 = 0. 89O5 R = 0 . 9437 
X1 = baffle spacing, inches 
Xz = baffle orientation , degrees 
X3 baffle proj ect  on , inches 
X4 = grain flowrate,  pounds/hour 
y = air velocity . fpm 
Partial 
Regress ion 
Coefficients 
1 . 50 1 6  
3. 3071  
0 . 2992 
1. 7094 
-116 . 467 7 
0 . 2961 
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equation with no statistical difference resulting . Dropping x2 from 
equation (22 ) , the regression equation for soybeans becomes: 
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Y = 3006. 6996 + l. 709L�X1 .. 1 16. 4677X3 + 0 . 2 961� (24) 
The X independent variable of the sorghum regression equation 
had a valu of F = 1 1 . 27, which was highly significant when compared 
to t abled F values . Therefore, X3 can not be dropped from equation 
(23) without statistical differences occurring. 
The multiple corr lation coefficient denoted by R ,  measures the 
closeness with which the regression plane fits the observed points. 
That is , it is the correlation etween the observed Y ' s and the Y ' s .  
For the soybe n analysis R = 0. 9437 was computed before and after 
dropping x2 . Therefore, no clo eness of fit was lost by dropping X2 . 
For the sorghum analysis R = 0 . 9 5 64 was computed . 
The stand ardized partial regression coefficient s are independent 
of the original units of measurement . A comparison of the coefficients 
indicates the relative importance of the independent vari ables involved . 
Ba  ed on a total percent ge of 100 per cent, the relative importance 
of each independent vari ble can be exp essed as a percentage thereof . 
The percentag s are presented in Table 11 . 
Each of the first three independent v ariable , X1, Xz, and X3, 
were tested at three levels . The fourth i �d pendent variable, �, was 
tested at five levels . From the mul tiple regression equations, optimum 
levels of each independent variable can be found so that the most 
/\ " 
des irable y results. Y�  th regressed center air velocity, c an be 
chosen for the particular applications of the pneumatic conveyor. From 
Table 1 1. Standardi z ed Partial Regression Coefficients 
Expressed in Percentages 
Soybeans 
Variable Percentage 
X1 8 . 31  
X2 0 . 00 
X3 u . . 16 
X4 7 7  . 53 
Sorghum 
Variable Percentage 
X1 10 . 30 
X2 18. 90 
X3 6. 28 
X4 64 . 52 
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7 5  
he chosen Y, corre ponding levels of the independent variable can be 
chosen. Since one of t 1  primary objectives of the research proj ect 
w to reduce air velocity and still conv y grain satisfactori y, 
levels of the indepen e t  variables w re chos n to minimize Y .  To 
minimize Y, the ign of the partial r gression coefficients must be 
considered when choosing the optimum level of ach independent variable. 
or minimum Y ' s ; X1, Xz, and �, independent vari bles should be chos n 
at minimum level whil X3 should b cl osen at its highe t test level 
for both oybe n and sorghum regr ssions. Extrapolation to independent 
v riabl level outsid o f  th test range would be invalid s ince actual 
tes ts iere not conduct d outside the test levels. Had curvilinear 
regres ion b en used to analyze th dat , more precise fitting of the 
regression quation to the actual d t may have be n possible. ince 
v lue were in exce s of 0. 90 ,  little additional information would 
have been realized . 
Appendix lists th test data in a tabular form . Various 
chang s and r listing w re made for anal sis by the IBM 1620 computer. 
Appendi:R B lists he ums of squa es of products and cross 
products and the individual correlation coefficients for the abov -
nalyses. 
A 6 cond statistical a11aly i in linear r gression w as conducted 
with the aid of t e IBM 1 620 comp uter. This an ly is r gre� ed air 
/\ 
velocity , Y ,  on static air pressure lo s in the t st section ,  X .  The 
regres i n  equat on agai follo 1e th , form o equation (8) . Separate 
regression equations wer derived at each of the thre levels of baffle 
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sp cing for both the oybean and sorghum halves of the tes t data. 
How ver, the re re ion equations were derived over all levels of the 
other ind pendent variabl s .  The analysis was conducted in this manner 
since the numb r of baffle restrictions, at the three baffle spacings , 
was the determining condition for regre sion equations of air velocity 
regressed on pressure loss . Table 12 lists the six regression equa­
tions. Figure XXIII shows the six regression equations in graphical 
form. Appendix C s hows the ums of square of products and cros 
products and th correlation coefficients for this regression analysis.  
Figure XXIII intentionally omitted extrapolation of  the regression 
lines outside of the pressure loss values incurred . Al l of the regres ­
sion lines had y-intercepts greater than zero. Therefore, a fallacy 
did occur at l ow pressure losses since an air v l ocity of zero fpm 
would necessitate a pressur lo s of zero inches of water pressure. 
Table 12. Regression Equations for the Regression 
of Air Velocity on Static Pressure Loss 
7 7  
Grain 
Type 
Baffle Number Regression 
Soybeans 
Soybeans 
Soyb ans 
Sorghum 
Sorghum 
Sorghum 
Spacing 
(inches) 
24 
36 
48 
' 4  
36 
L1,8 
of 
Baffles 
4 
2 
4 
3 
2 
E uation 
y ::; 3335 . 009 1  + 34 . 7266X 
Y =  3276 . 3341 + 116 . 2332X 
y = 3228 . 6935 + 187. 8207X 
I\ 
31 18. 9522 45. 5757X y - + 
y ,:O 309 1 . 9256 + 100 . 9590X 
y = 3074 . 9973 + lS7. 0889X 
Hgure X XIII . 
Sorghum 
- -- Soybeans  
1 . 0  I .I\ 1 . 2  
Pressure 1 · 0 water o s s , inches f 
Regres sion of Air Velocity on Static Pre 
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2.0 
ssure Los s  
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CONCLU • .' IONS 
The fol lowing conc lusions c an be drawn from the inves tigation :  
l . It ca be concluded that desirab le  conveyance of  grain was 
e stabli  hed for a high -volume low-press ure typ pneumatic 
conveyor. Furthermore, the nature of the f low was such 
that agricultural use of this type of  pneumatic c onveyor 
is feasible . 
2 . It can be concl uded that the amount of b affle projection 
into the conveyor pipe and the various levels of baff e 
spacing are the most s t atistically s ignificant with rela­
tionship to des irable flow character is tics . The effect of  
baffl orientation was  statistically insignificant in almost 
all  respect 
It can b concluded that th independent var iable o f  grain 
flow accumulated a maj ority of the varia tion in he s tati -
tical analysis . From the standardized part i al regression 
coefficients it can also be seen that independent variables 
of  grain flow and b ffle spacing repr sented lmost al  of 
th acco unted for variation in the multipl- regression 
analysis . 
4. It can b concluded from the tiple r gr ssion analysis 
of  this  specific pneumatic conveyor that linear regression 
equations can be derived to s atisfactorily describe the 
regression plane. The eq uations for t e  soybean and sorghum 
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analyses are, re pectively: 
Y = 3006 . 6996 + l . 7094X1 - 1 16. 4677X3 + 0 . 296 1X4 
and 
Y 2 757 . 5682 + l . 50 17X1 + 3 . 306 1X2 - 36 . 6607X3 + 0 . 29941¼ 
5. It can be concluded that crack.age of the grain by the 
conveyor igas statistically insignificant when analyzed 
by f 2 . 
6. It can be concluded that the auger injector performed better 
than expected in this project. Air los ses were insignif­
icant when compared to total air movement of the pnemnatic 
conveyor. 
7 . It can be concluded that the baffle restrictions in the 
conveyor line did reduce air velocity and 1 consequently, 
air requirements for conveying grain. 
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APPENDICES 
APPENDIX A . ORIGINAL TEST DATA 
83  
Code 
Le t ter 
A 
B 
C 
D 
F 
G 
H 
I 
J 
K 
L 
Table 13. Original t st Data 
Grain type  
0 1  Soybeans 
02 Sorghum 
Data 
Represented 
Baffle orientation angle, degrees 
Baffle spacing, inches 
Baffle proj ection, inches 
Auger speed ,. rpm 
Grain flowrate, pounds per hour 
84 
Corrected grain flowrate , pounds per hour 
Static pr · s sure at piezometer tap 11 , inches of water 
Static pressure at piezometer tap :#3, inches of wate.r 
Static pressure at piezometer tap 1/4 , inches o f  water 
C nter air vel ocity , fpro 
Static pressure los s (P3 
- P4) ' inches o f  water 
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T A B L E  1 3 . OR I G I N A L  T E S T  D A T A  
A R C D E F G H I K L 
0 1 4 0  2 4  () . 6 0 9 6  0 8 4 0 0 8 7 5  6 . 6  4 . 6  3 . 9  3 2 0 0 0 . 1  0 1  4 0  2 4  o . 6  1 5 6 J 3 2  0 1 2 6 9  6 . 6  3 . 8 , . o  3 3 5 0 o . s  0 1  4 () 2 4 0 . 6  1 9 8  1 6 4 0  1 6 5 7  6 . 6 3 . 3 ? . 1 3 4 5 0 1 . 0 n 1  4 ()  2 4 n . 6 � 5 8  2 0 4 0  1 9 7 7  6 . 6 2 . 1  l .  6 3 6 0 0  1 .  1 0 1  4 ()  2 4  n . 6 '3 0 () 2 3 8 0  2 3 8 0 6 . 6 2 . 2 1. . 2 3 7 5 0 1 . 0  
0 1  4 0  ? 4  n . o () q 6 0 8 � 0  0 8  5 4  6 . 6 4 . 5 3 . 6  3 2 0 0 0 . 9  
0 1  4 0  2 4 n . q 1 5 6 1 3 2 0  1 2 6 9  6 . 6 4 . 0  2 . 8  3 3 0 0  1 . 2 0 1  4 0  2 4 n . q 1 9 ? 1 6 0 0  1 6 6 7  6 . 6  3 . 4  2 . 1 3 4 5 0 1 . 3  
0 1  4 0  2 4 n . o 2 4 6 2 0 0 0  2 0 3 3  6 . 6 2 . 8 1 . 3  3 6 0 0  l . 5 0 1  4 0  2 4 () • Q 3 0 3  2 4 2 0  2 3 9 6 6 . 6  2 . 5  0 . 8 3 7 0 0 1 . 7 
0 1  4 0  2 4  1 • ? () 9 6 0 8 4 0  0 8 7 5  6 . 6 4 . 8  3 . 1 3 1 5 0 1 . 7  
0 1  Li. 0 2 1.i  1 • 2 1 4 4 1 2 6 0  1 3 1 3  6 . 6 4 . 2  2 . 0 3 3 0 0  2 . 2  
0 1  4 0  2 4 1 • ? 1 9 8  1 6 0 ()  ] 6 ) 6  6 . 6  · 3  • 7 1 • 1 3 3 5 0 2 . 6  
0 1  4 0  2 4 1 . 2 2 5 5  2 0 2 0 1 9 8 0 6 . 6  3 . 3 0 . 1  3 4 5 0 2 . 6  
0 1  Lf- 0 2 4 ] • 2 3 0 6 2 3 6 0  2 3 1 4  6 .  6 '  3 . 0  o . 4 3 5 0 0  2 . 6  
0 1  LL () 3 6  0 . 6 o q 6  0 7 LJ. 0 0 7 7 1  6 . 7 4 . 8  4 . 3 3 2 0 0 o . 5 
0 1  4 0  3 6  () . 6 1 5 0  1 1 2 0  1 1 2 0  6 . 7  4 . 1 1 . 4  3 3 5 0  0 . 7  0 1  4 0 1 6  () . 6 1 9 2 1 4 0 0 1 Lf- 5 8  6 . 7 3 . 7  2 . 9 3 4 5 0 o . a  
0 1  I+ /') 3 6  n . 6 2 5 8 1 7 8 0  1 7 2 5  6 . 7 3 . 1  2 • 1 3 5 5 0 1 . 0 
0 1  4 0 3 6  0 . 6 '3 0 0  2 1 8 0 2 1 8 0  6 . 7  2 . 1  1 . 1  3 7 5 0 1 . 0  
0 1  4 0  '"-3 6  o . o 0 9 6 0 7 8 0  0 8 1 3  6 . 7 4 . 7  3 . 9  3 2 5 0 0 . 8  
0 1  4 ()  3 6  n . o 1 5 6 1 2 0 0  1 1 5 4 6 . 7 4 . 1 1 . 1  3 3 0 0  1 . 0  
0 1  4 0  3 6 n . q 2 0 4  1 5 2 0  ] 4 9 0  6 . 6 3 . 6 2 . 5 3 4 5 0  1 • 1 
0 1  , .. o 1 6  () . 9 2 5 8  1 9 2 0  1 8 6 0 6 . 6 3 . 0 1 . 8  '3 6 0 0 1 . 2  
0 1  4 0 3 6  0 . 9 � 0 0  2 2 6 0  2 2 6 0 6 . 6  2 . 4  1 . 0  3 8 0 0 1 . 4  
0 4 0 3 6  1 • 2 0 9 6  0 8 0 0 0 8 3 3  6 0 6 5 . 0 3 . 6  3 2 0 0  1 . 4 
0 1  4 0  3 6  ] • 2 1 6 2 ] ? 6 0  1 1 6 7  6 . 6 4 . 3 2 . s  3 3 0 0  1 . 8 
0 1  4 0  '-3 6  1 . 2 2 1 0 1 6 2 0  1 5 4 3  6 . 6 '3 . 8  1 . 9 3 4 0 0  1 . 9 
0 1  4 0  '3 6  1 • 2 2 5 2 1 9 6 0  1 9 4 4  6 . 6 , . 5 1 • l� 3 5 0 0  2 . 1 
0 1  4 0  3 6 1 • 2 3 0 0  2 3 6 0  2 � 6 0 6 . 6  2 . 9 o . 6  3 6 5 0 2 . 3  
0 1  4 0  4 8  n . 6 () 9 6  0 8 4 0  0 8 7 5  6 . 6  Lf • 2 3 . 7  3 2  5 0  o . 5  
0 1  4 0  4 8 o . 6 1 5 6 1 3 4 0  1 2 8 8  6 . 6  3 . 8  3 . 0  3 3 5 0 o . s  
O J  4 0 4 8  n . 6 1 9 8  1 6 6 0  1 6 7 7  6 . 6 3 . 1  2 . 3  3 5 0 0 o . s  0 1  4 0  4 8 () . 6 ? 5 2  2 0 4 0  2 0 2 4  6 . 6 2 . 1  1 . 8 3 6 5 0  o . 9  0 1  4 0  4 8  o . 6 3 0 0  2 4 0 0  2 4 0 0  6 .  f-, 2 . 1 1 . 2  3 8 0 0 o . 9  
() 1 L 0 4 8 o . 9 () 9 6  0 8 4 0  0 8 7 5  . 6  4 . 3  '3 . 6  3 2 0 0 0 . 1  
0 1  4 0 4 8  n . 9 1 6 2 1 4 0 0  1 2 9 6  6 . 6  3 . 6 2 . 1  '3 4 0 0  0 . 9 
0 1  4 ()  4 8  0 . 9  1 9 2 1 6 8 0  1 7 5 0  6 . 6  3 . 3  2 . ?  3 5 0 0 1 • 
0 1  4 ()  4 8  n . 9 2 5 2 2 0 6 0  ? 0 4 4  6 . 6 2 . 1 1 . 1 3 6 0 0 1 . 0  
0 1  4 0  4 8  () .  9 � 0 0  2 5 4 0  2 5 4 0  6 . 6  2 . 2  1 . 0 3 8  5 0  1 . 2  
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T A B L E  1 1 . ( C ON T I N U E D ) 
R C F F G H I j K L 
0 1  4 0  4 8  ] • 2 0 9 6  0 R 2 0 0 8 5 4  6 . 6  4 . 4 3 . 2  3 2 0 0  1 . 2 
0 1  4 0  4 8  1 . 2  1 6 2 1 4 0 0  1 2 96 6 . 6 3 . 7 2 . 3 3 3 0 0  1 • 4 
0 1  4 0  48  1 . 2 1 9 8 1 6 6 0  1 6 7 7  6 . 6  3 . 3 1 . 1 3 4 0 0  1 . 6  
0 1  40 4 8  1 • 2 � 4 9  2 0 6 0  2 0 6 8  6 . 6  2 . 7 o . 9 3 6 0 0 1 . s  
0 1  40  4 8  1 .  2 3 0  0 2 5 0 0  2 5 0 0  6 . 6  2 . 4 o . 6  3 7 5 0  1 . 8  
0 ]  5 0  2 4  o . 6 () 9 6  0 8 2 5  0 8 5 9  6 . 7  4 . 7 4 . 0  3 2 0 0  0 . 1 
O J  5 0  2 4  o . 6 1 5 3 1 2 6 0  1 2 3 5  6 . 7  3 . 9 2 . 9  3 3 0 0  1 . 0  
0 1  5 0  2 4  o . 6 ?. 0 4  1 5 6 0  1 5 2 9  6 . 6 3 . 5 2 . 4  3 4 0 0  • l 
0 1  c; o  2 4  n . 6 2 5 8  1 Q 4 0  1 8 8 0 6 . 6 2 . 9 ] • 7 3 5 0 0  ] • 2 
0 1  c; o  2 4  0 . 6 ".:\ 0 6  2 2 6 0  2 ? 1 6  6 . 6  2 . 4 1 .  J 3 7 0 0  l • 3 
0 1  5 n  2 4  n . o 0 9 6  0 8  5 c; 0 8  9 J 6 . 6  4 . 6 3 . 6  3 1 5 0 1 .  0 
0 1  5 ()  2 4  ('\ . q 1 6 2 1 3 3 �  1 2 3 6  6 . 6 3 . 8 2 . 6 3 3 0 0  1 . 2  
0 1  5 0  2 4  n . q 1 9 8 1 6 0 0  1 6 1 6 6 . 6 3 . 4 2 . 0  3 40 0  1 • 4 
0 1  5 ()  2 4  n . q 2 5 2  2 0 0 ('  1 9 8 4  6 . 6 3 . 0 1 . 5  3 5 0 0  1 . 5  
0 1  5 0  2 4  ,.., • 9 '1 0 6  2 2 4 0  2 ] 9 6 6 . 6 2 . 1 ] • 2 3 6 0 0  1 . 5  
0 1  5 ()  2 4  1 . 2 0 9 6  0 8 2 5  0 8 5 9  6 . 6 4 . 9 3 . 0  3 1 5 0 1 . 9  
0 1  5 0  2 4  1 .  2 1 6 2 1 3 5 0  ] 2 5 0  6 . 6  4 . 2 2 . 0  3 2 5 0 2 . 2  
0 1  'J O  2 4  1 . 2 ? 0 4  1 6 0 0  1 5 6 9  6 . 6 3 . 8 1 . 4 3 3 0 0  2 . 4  
() 1 5 0  2 4  1 .  2 2 4 6  1 9 4 0  1 9 7 2  6 . 6 3 . 5 0 . 1  3 4 0 0  2 . 8  
0 1  5 0  ? 4  1 • ? i o o  2 3 0 0  2 � 0 0 6 . 6  3 . 1  o . 4  3 4 5 0  2 . 1  
0 ', ()  1 6  n . 6 () 9 6  0 7 6 0  0 7 9 2  6 . 7  4 . 7  4 .  1 3 3 0 0  0 . 6  
n 1  5 0  1 6  n . 6 1 5 9 1 2 Li 0 1 1 7 0 6 . 6 3 • 9 3 . 1 3 4 0 0  0 . 8  
0 1  5 0  3 6  n . 6 ? ? 8  1 6 8 0  1 4 7 4 6 . 6  3 . 3 2 . 3 '3 5 0 0  1 . 0 
0 1  rs n 1 6  n . 6 2 5 2  1 8 8 0 1 8 6 5  6 . 6  3 . 0 2 . 0  3 6 0 0 1 . 0  
0 1  5 0  1 6  n . 6 1 0 ()  2 1 6 0 2 1 6 0  6 . 6  2 . 5 1 . 4 3 7 5 0 1 . 1 
0 1  5 0  3 6  n . 9 () 9 6 0 7 2 0 0 7 5 0 6 . 7  4 . 8  3 . 9  3 2 0 0 0 . 9  
0 1  5 0  3 6  n . q 1 5 0 1 2 2 0  1 2 2 0  6 . 7  4 • 1 3 . 0 3 3 5 0  1 • 1 
0 1  5 0  3 6 o . q 2 0 4  1 5 2 0  1 4 9 0  6 . 7  3 . 7 2 . 4  3 4 0 0  1 . 3  
O J  5 0  3 6  o . 9 2 5 2  1 8 6 0  1 8 4 5  6 . 6 3 . 1 1 . 8 3 5 0 0  1 . 3  
0 1  5 0  3 6  o . 9 '3 0 6  2 1 8 0  2 1 3 7  6 . 6  2 . 1 1 . 3 3 6 5 0 1 • 4 
() ]  5 0  '3 6 1 • 2 o q 6  0 7 2 0  0 7 5 0  6 . 7 4 . 8 '3 . 3  '3 2 5 0 1 . 5 
0 1  5 0  3 6  1 • 2 1 5 0 1 1 4 0  1 1 4 0  6 . 7 4 . 3 2 . 4  3 3 0 0  1 . 9  
0 1  5 0  3 6  l • 2 ,? 0 4  1 4 6 0  1 4  3 1  6 . 7  '3 .  7 1 . 6 3 4 0 0  2 . 1 
0 1  5 0  1 6  1 . 2 2 5 8  1 8 6 0 1 8 0 2  6 . 7 3 . 3 1 . 0  3 5 0 0  2 . 3  
0 1  5 0  '3 6  ] • 2 3 0 0  2 ? 2 0 2 2 2 0 6 . 6 3 . 1  0 . 1  3 5 5 0 2 . 4  
0 1  5 0  4 8  n . 6 () 9 6  0 8 ) 0  0 8 4 4  6 . 7 4 . 6 4 . 0  3 2 0 0  0 . 6  
O J  5 0  4 8 o . 6 1 5 0  1 2 3 0 1 2 3 0  b . 7  4 . 0 3 . 3 3 3 0 0  0 . 1 
0 1  5 0  4 8  () .  6 2 0 0  1 5 3 0  1 5 3 0  6 . 6  3 . 5 2 . 6  3 3 5 0 0 . 9 
0 1  5 n 4 8 o . 6 2 5 5  1 9 0 0  1 8  6 '3 6 . 6 3 . 0 2 . 0 3 4 5 0  1 • 0 
0 1  5 0  4 8  o . 6 3 0 6  2 2 4 0  2 1 9 6  6 . 6  2 . 5 1 . 5 3 6 5 0 1 . 0  
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T A R L F  1 "3 .  C C OI\I T I N U F D > 
A 8 C D F F G H I j K L 
0 1  5 0  4 8  0 . 9  0 9 6  0 8 1 0  0 8 4 4  6 . 7  4 . 8 4 . 1  3 2 0 0  0 . 1 
0 1  5 0 4 8  0 . 9 1 5 0  1 2 4 5  1 2 4 5  6 . 6  4 . 0 3 . 1  3 3 0 0  o . 9  
0 1  5 0  4 8  o . o 1 9 2  1 4 8 5  1 5 4 7  6 . 6  3 . 5 2 . 6  3 3 5 0  0 . 9  
0 1  5 0  4 8  0 . 9 2 5 2  1 8 9 0  1 8 7 5 6 . 6  3 . 1 2 . 0 3 4 5 0  1 • 1 
0 1  5 0  4 8  n . 9 3 0 0 2 2 5 0  2 2 5 0 6 . 7  2 . 1  1 . 6 3 6 0 0  1 .  1 
0 1  5 4 8  ] • 2 9 6  0 8 1 0  0 8 4 4  6 . 7  4 . 9  3 . 7 3 1 5 0 1 . 2 
0 1  5 0  4 8  1 . 2 1 5 0 1 2 1 5  ] ? 1 5  6 . 7 4 . 1 2 . 8  3 2 5 0 1 . 3  
0 1  5 0  4 8  1 . 2 2 1 0  1 5 6 0  ] 4 8 6  6 . 7 3 • 8 2 . 2 3 3 5 0  1 . 6 
0 1  5 0  4 8  1 • 2 2 5 2  1 8 3 0 1 8 1 5  6 . 7  3 . 3  1 . 7 3 4 0 0 1 . 6 
0 1  5 0  4 8  ] • ? ·m o 2 2 ? 0 2 2 2 0  6 . 7  3 . 0 1 . 2 3 5 0 0  1 . s  
() 1  6 0  2 4  n . 6 () 9 6 0 6 6 0  0 6 8 8  6 . 8 5 . 1 4 . '3  3 2 0 0 o . a 
0 1  6 0  2 4 () . 6 1 6 2 1 1 2 0 1 0 3 7  6 . 8 4 . 4  3 . 5  3 3 0 0  o . 9  
0 1  6 0  2 4  o . 6 2 0 1+ 1 4 0 0  1 3 7 3  6 . 8 4 . 0  3 . 0 3 3 5 0  1 . 0  
0 1  6 0 2 4  n . 6 2 5 8  1 7 2 0  1 6 6 7  6 . 7 3 . 5 2 . 4  3 4 5 0  1 . 1  
0 1  6 0  2 4  o . 6 3 1 2  2 0 2 0  1 9 4 2  6 . 7 2 . 8  1 . 6 3 6 0 0  1 . 2  
1 6 0  2 4  () .  9 0 9 6 0 6 8 0  0 7 0 8  6 . 8  5 . 1 4 . 3  3 2 0 0 o . a  
0 1  6 0  2 4  o . 9 1 5 6 1 1 0 ()  1 0 5 8  6 . 8 4 . 4  3 . 4  3 3 0 0  1 . 0  
0 1  6 0  2 4 o . 9 2 0 l� 1 4 0 0  1 3 7 3  6 . 8  3 . 9 3 . 0  3 3 5 0 0 . 9 
0 1  6 0  2 4  o . 9  2 5 2  1 7 ? ()  1 7 0 6  6 . 8  3 . 5 2 . 3  3 4 0 0  1 . 2 
0 1  6 0  2 4  0 . 9 � o o  2 0 6 0  2 0 6 0  6 . 7  2 . 9 1 . 5  3 6 5 0  1 • 4 
0 1  6 0  2 4  1 .  2 0 9 6  0 6 6 0  0 6 8 8  6 . 8 � . 3  4 . 2  3 2 0 0  1 . 1  
0 1  6 0  2 4  1 . 2 1 5 6 1 0 6 ()  1 0 1 9  6 . 8 4 . 7  3 . 2 3 2 5 0 1 • ') 
0 1  6 0 2 4  1 .  2 1 9 8  1 '3 4 0  1 3 5 4 6 . 8  4 . 3 2 . 6  3 3 0 0  1 . 7  
0 1  6 0  2 4 1 • 2 2 L+ 6 1 7 0 0  7 2 8  6 . 8  3 . 8  1 . 8 3 3 5 0 2 . 0 
0 1  6 0  2 4 ] • 2 2 9 l+ 2 0 6 0  2 1 0 2  6 . 7 3 . 3  1 . 2 3 5 0 0  2 . 1  
0 1  6 0  3 6  r, • 6 0 9 6  0 6 2 0  0 6 4 6 6 . 8  5 . 3 4 . 8  3 2 0 0  o . s 
0 1  6 0  '3 6  o . 6 1 5 6 0 9 6 0  0 9 2 3  6 . 8 4 . 7  4 . 0 3 2 0 0  0 . 1  
0 1  6 0  3 6  o . 6 1 8 6 1 1 8 0 ) 2 6 9  6 . 8 4 . 4  3 . 0  3 2 5 0 0 . 8 
0 1  6 0  3 6  n . 6 2 4 0  1 6 0 0  1 6 6 7 6 . 7 4 . 0 3 . 2  3 3 5 0  o . s  
0 1  6 0  3 6  () . 6 3 0 ('  1 9 6 0  1 9 6 0  6 . 7 3 . 1  2 . 1 3 6 0 0  1 . 0 
0 1  6 0  3 6  () • 9 0 9  6 0 6 2 0  0 6 4 6  6 . 8  5 . 1 4 • c:; 3 2 0 0  0 . 6  
0 1  6 0  1 6  f') .  Q 1 6 2 1 0 ? () 0 9 4 4  6 . 8  4 . 7  4 . ()  3 3 0 0  0 . 1  
0 1 6 0  3 6  0 . 9 ] 9 8 1 2 6 ()  1 2 7 3  6 . 8  4 . 2  '3 . 3  3 3 5 0 0 . 9  
() 1  6 0  3 6  () . 9 2 5 2  1 7 0 0 J 6 8  7 6 . 7 3 . 6 2 . 6  3 4 5 0 1 . 0  
0 1  6 0  1 6  o . 9 '3 0 0  2 0 4 ()  2 0 4 0  6 • -1 3 . 1  2 . 0 3 6 5 0  1 • 1 
0 1  6 0  3 6  1 • 2 0 9 6  0 6 2 0  0 6 4 6  A . 8 5 . 0 4 . 1 3 2 0 0 0 . 9  
0 1  6 0  '3 6  1 . 2  1 5 0  1 0 2 0  1 0 2 6 . 8 4 . 6  3 . 6  3 2 5 0 1 . 0  
0 1  6 0  3 6  1 .  2 1 9 2 1 2 8 0  1 3 3 3  6 . 8 4 . 2  2 . 9 3 3 5 0  1 . 3  
0 1  6 0  3 6 1 . 2 2 4 6  1 6 6 0  1 6 8 7  6 . 7  3 . 7  2 . 4  3 4 5 0 1 . 3  
0 1  6 0  3 6  1 . 2  3 0 3  2 1 0 0 2 0 7 9  6 . 7 3 . 2 1 . 1 3 5 0 0  1 . 5  
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T A B L E 1 "3 .  ( C ON T I N U E D ) 
A B C D E F G H I j K L 
0 1  6 0  4 8  0 . 6 () 9 6  0 6 2 0  0 6 4 6 6 . 8  5 . 1  4 . 6  3 ? 0 0 o . 5 
() 1 6 0  4 8  o . 6  1 5 6 1 0 4 0  1 0 0 0  6 . 8  4 . 4  3 . 8  3 3 5 0 o . 6  
0 1  6 0  4 8  o . 6 1 8 6 1 2 8 0  1 3 7 6 6 . 8 4 . 0 3 . 2  3 40 0  o . a  
0 1  6 0  4 8  () .  6 2 4 6  1 6 6 0  1 6 8 7  6 . 7  3 . 5 2 . 6 3 5 0 0  o . 9  
0 1  6 0  4 8  () .  6 3 0 0  2 1 0 0  2 1 0 0 6 . 7  2 . 8 1 . 8 3 6 5 0 1 . 0  
0 1  6 0  4 8  () • 9 0 9 6  0 6 4 0 0 6 6 7  6 . 8 5 . 1  4 . 6  3 2 0 0 o . s 
0 1  6 0  4 8  o . 9 1 5 6 1 0 6 0  1 0 1 9  6 . 8  4 . 3  3 . 6  3 3 5 0 0 . 1  
0 1  6 0  4 8  o . 9 2 0 4  1 3 4 0  1 '1 1 4  6 . 8  3 . 9 3 . 0  3 4 0 0  0 . 9 
0 1  6 0  4 8  () . q  2 5 8  1 7 4 0 1 6 8 6 6 . 7 3 . 4 2 . 4  3 5 5 0 1 . 0 
0 1  6 0  4 8  n . 9 , o o  2 1 2 0 2 1 2 0  6 . 7  2 . 6 1 • 6 3 7 0 0  1 . 0 
0 1  6 0  4 8  1 • 2 () 9 6  0 6 4 0  0 6 6 7  6 . 8  s . o 4 . 1 3 2 0 0 o . 9  
0 1  6 0  4 8  1 . 2 1 5 6 1 0 6 0  1 0 1 9  6 . 8  4 . 4  3 . 4 3 2 5 0 1 . 0 
0 1  6 0  4 8  1 . 2 1 9 8 1 3 6 0  1 1 7 4 6 . 8  3 . 9 2 . 6  3 4 0 0  1 . 3  
0 1  6 0  4 8  1. . 2 2 5 2  1 7 4 0 1 7 2 6  6 . 7  3 . 4 2 . 0 3 5 0 0  1 .  4 
0 1  6 0 4 8  1 . 2 3 0 0  2 0 6 0  2 0 6 0  6 . 7  2 . 9 1 . 5  3 6 0 0 1 • 4 
0 2  4 0  2 4  () . 6 1 0 0  0 4 1 0  0 4 1 0  6 . 5  5 . 5  4 . 9  3 0 0 0  0 . 6  
0 2  4 0  2 4 o . 6 1 5 3  0 5 8 0  0 5 6 9 6 . 5  5 . 1  4 . 5 3 0 5 0  o . 6  
0 2  4 0  2 4 o . 6  2 0 0  0 7 0 0  0 7 0 0  6 . 5 4 . 9  4 . 2 3 1 0 0  0 . 1  
0 2  4 0 2 4  o . 6  2 4 4  0 8 4 0  0 8 6 1  6 . 5  4 . 8 4 . 0 3 1 5 0 o . 8  
0 2  4 0  2 4  o . 6  "-3 0 4  1 1  1 0  1 0 9 5  6 . 5 4 . 1 3 . 1 3 2 5 0 1 . 0 
0 2  4 0 2 4  o . 9 0 9 8  0 4 2 0  0 4 2 9 6 . 5 5 . 5 4 . 7 3 0 0 0  o . s  
0 2  4 ()  2 4  () • 9 1 5 4 0 6 0 0  0 5 8 4  6 . 5 5 • 1 4 . ] 3 0 5 0  1 . 0  
0 2  4 ()  2 4 n . 9  ? 0 4  () 7 0 0  0 6 8 6  6 . 5 rs . 0 1 . q 3 1  () (')  1 . 1 
0 2  4 0 2 4 n . 9 2 5 2  0 8 5 0 0 8 4 3  6 . 5  4 . 8 "3 . 5  3 1 5 0 l • 1 
0 2  4 0  � 4  n . 9 '3 0  0 1 1 2 5  1 1 2 5 6 . 5  4 . 2  2 . 7 3 2 5 0 ] • 5 
0 2  4 0  2 4 1 . 2 1 0 0 0 3 9 0  0 3 9 0  6 . 5  5 . 5 4 . 3 2 9 5 0 1 • 2 
0 2  4 0  2 4  1 . 2 1 6 0 0 5 7 0  0 5 3 4  6 . 5  5 . 3 3 . 8 3 0 0 0  1 . 5  
0 2  4 0  2 4  1 . 2  2 0 0  0 6 8 0  0 6 8 0  6 . -5 5 . 2 3 . 3 3 0 5 0  1 . 9  
0 2  4 0 2 4 1 . 2 2 5 2  0 8 5 0  0 8 4 3  6 . 5 4 . 8  2 . 9 3 1 0 0 1 . 9  
0 2  4 0  2 4 1 • 2 '3 0 6  1 1 1 0  1 0 8 8  6 . 5  4 • .1 1 . 2  3 2 5 0 2 . 9 
0 2  4 0  3 6  o . 6  1 0 2  0 4 1 0  0 4 0 2  6 . 6 5 . 4  5 . 0 3 0 5 0 0 . 4  
0 2  4 0 3 6  o . 6 1 5 0 0 5 5 0  0 5 5 0 6 . 6  5 . 2 4 . 6  3 1 0 0 o . 6  
0 2  4 0  3 6 o . 6  1 9 8 0 6 7 5  0 6 8 2  6 . 6 s . o 4 .  '?, 3 1 5 0 0 . 1 
0 2  4 0  3 6  n . 6 2 4 9  0 8 4 0  0 8 4 '3  6 . 6 4 . 6 3 . 9 3 2 0 0  0 . 1  
0 2  4 0  3 6  o . 6  3 0  () 1 0 8 0  1 0 8 0  6 . 0  4 . 1 3 . 2  3 2 5 0 o . 9  
() 2  4 0  1 6  r, . q 1 0 2  0 4 1 0 0 4 0 2  f-., . 6 5 . "3 4 . R 3 0 5 n  o . ; 
0 2  4 0 3 6  () • 9 1 6 2 0 6 1 0  0 5 6 5  6 . 6  5 . 0 4 . 3 3 1 0 0 0 . 1  
0 2  4 0 '3 6  n . o 1 9 8 0 7 3 '5  0 7 4 2  6 . 6 4 . 9  4 . 0 '3 1 5 0 0 . 9  
0 2  4 0 3 6  Q . 9 2 4 0 0 8 6 4  0 9 0 0  6 . 6 4 . 6  3 . 5  3 2 0 0 l • 1 
0 2  4 0 3 6 o . 9 3 0 0  1 2 3 0  1 2 3 0 6 . 6  4 . 1 2 . q 3 3 0 0  1 . 2  
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T A B L E  ] 3 • ( C ON T I N U ED ) 
A B C D F F G H I J K L 
0 2  4 0  3 6  ] • 2 1 0 2  0 4 7 0  0 4 6 1 6 . 6  5 . 4 4 . 3  3 0 5 0 1 • 1 
0 2  4 0  3 6  1 . 2 1 4 7 0 6 2 0  0 6 3 3  6 . 6 5 . 2 3 . 9  3 0 5 0 1 • 3 
0 2  4 0  3 6  1 • 2 1 9 8 0 7 3 0  0 7 3 7  6 . 6  5 . 0 3 . 5 3 1 0 0  1 . 5 
0 2  4 0  3 6  1 • 2 2 4 0  0 9 0 0  0 9 3 8  6 . 6 4 . 7 3 . 0  3 1 5 0 1 . 7  
0 2  4 0  3 6  1 . 2 3 0 0  1 1 8 5  1 1 8 5  6 . 6 4 . 4  2 . 4 3 2 0 0  2 . 0  
0 2  4 0  4 8  0 . 6 1 0 2 0 3 5 0  0 3 4 3 6 . 7 5 . 7 5 . 4  3 0 5 0 0 . 3 
0 2  4 0  4 8  o . 6  1 5 6 0 5 2 0 0 5 0 0  6 . 7 5 . 3 4 . 8  3 1 0 0 o . 5 
0 2  4 0  4 8  n . 6 1 9 8 0 6 6 0  0 6 6 7  6 . 7  s . o 4 . 4  3 1 5 0 o . 6  
0 2  4 0  4 8  o . 6 2 ':, :?  0 8 1 0  0 8 0 4 6 . 7  4 . 7  4 . 1 3 2 0 0  0 . 6  
0 2  4 0  4 8  (l .  6 3 0 6  1 0 9 5  1 0 7 4  6 . 7 4 . 2 '3 . 4  3 2 5 0 o . B  
0 2 4 0  4 8  0 . 9 1 0 2 0 3 9 0  0 3 8 2  6 . 7  5 . 5 i:; .  0 3 0 5 0 o . s  
0 2  4 0  4 8  o . 9 1 5 9 0 5 5 0  0 5 1 9  6 . 7 5 . 3 4 . 6  3 1 0 0 0 . 7 
0 2  4 0  4 8  o . 9 2 0 4  0 6 6 0  0 6 Lf- 7  6 . 7 5 .  1 4 . 4 3 1 5 0 0 . 1  
0 2  40  4 8  n .  9 2 4 6  0 8 0 0 0 8 1 3  6 . 7 4 . 8 4 . 0  3 2 0 0 o . s  
0 2  4 0  4 8  () • 9 3 0 0  1 0 8 0  1 0 8 0  6 . 7 4 . 3  3 . 3  3 2 5 0 1 . 0  
0 2  4 0  4 8  1 • 2 1 0 2 0 4 1 0  0 4 0 2  6 . 7 5 . 5 4 . 6  3 1 0 0 0 . 9  
0 2  4 0  4 8  1 . 2 1 5 0 0 5 8 0  0 5 8 0  6 . 7 5 • 1 4 . 0  3 1 5 0 1 • 1 
0 2  40  4 8 1 • 2 2 0 0  0 6 8 0  0 6 8 0  6 . 7 5 . 0 3 . 8 3 1 5 0 1 . 2  
0 2  4 0  Lt- 8 1 • 2 2 5 2  0 8 2 0  0 8 1 3  6 . 7 4 . 7 3 . 4  3 2 0 0 1 . 3  
0 2  4 0  4 8  1 . 2 1 0 0  ] 0 8 0  1 0 8 0  6 . 7  4 . 5 3 . 0 3 2 5 0 1 . 5  
0 2  5 0  2 4  o . 6 0 9 6  0 5 7 0  0 5 9 4  6 . 6 5 . 0 4 . 4  3 1 5 0 0 . 6  
0 2  '5 ()  2 4  () .  6 1 5 6 0 8 0 0  0 7 6 9  6 . 6 4 . 6 3 . 8 3 1 � 0  0 . 8 
0 2  5 0  ? 4  n . 6 1 8 6 0 9 3 n  1 0 0 0  6 . 6  4 . 4  3 . 6  3 2 0 0  O . P  
0 2  5 0  ? 4  () .  6 2 4 6 1 1 4 0 1 1 5 9 6 . 6 4 . 0 3 . 1 3 2 5 0  0 . 9 
0 2  5 0  2 4  o . 6  3 0 6  1 4 5 5  1 4 2 6 6 . 6  3 . 4 2 . 4  3 3 5 0 1 . 0 
0 2  5 0  2 4  0 . 9 0 9 6  0 5 60  0 5 8 3  6 . 6  s . o 4 . 3  3 0 5 0  0 . 1  
0 2  5 0  2 4  0 . 9 1 5 0  0 7 7 0 0 7 7 0 6 . 6  4 . 7  3 . 7  3 1 5 0 1 . 0  
0 2  5 0  2 4 o . 9 1 9 2 0 9 1 5 0 9 5 3  6 . 6 4 . 4  3 . 4  3 2 0 0 1 .  0 
0 2  5 0  2 4  0 . 9 2 5 8 1 1 8 5  1 1 4 8  6 . 6  4 . 0  2 . 9 3 2 5 0 1 • 1 
0 2  5 0  2 4  0 . 9 3 0 0  1 4 4 0  1 4 4 0 6 . 6  3 . 6  2 . 2 3 3 5 0 1 . 4 
0 2 5 0  2 4 1 . 2 0 9 6  0 5 4 0  0 5 6 3  6 . 6 5 . 3 4 . 0  3 0 5 0 1 . 3  
0 2  5 0  2 4  1 . 2 1 5 6 0 7 5 0  0 7 2 1 6 . 6  s . o 3 . 3 3 1 0 0 . 7  
0 2  5 0  2 4  1 . 2 2 0 4  0 9 0 0  0 8 8 2  6 . 6 4 . 9 2 . 9 3 1 5 0 2 . 0 
0 2  5 0  ? 4 1 . 2 2 5 8 1 0 8 0  1 0 4 7  6 . 6  4 . 5  2 . 3 3 2 0 0 2 . ? 
0 2  5 0  ? 4  l • ?. 3 0 0  1 5 6 0  1 5 6 0  6 . G 3 . 8  1 . 9 3 4 0 0  1 . 9 
0 2  5 0  3 6  n . 6 0 9 6 0 4 8 0 0 5 0 0  f. . 7 5 • 1 4 . 5 3 1 0 0 
0 . 6 
0 2  5 0  3 6  o . 6 1 6 2 0 7 0 '1  0 6 5 ?  6 . 7 4 . 8 4 . 1 3 1 5 0 0 . 1  
0 2  5 0  3 6  () . 6 1 9 8 0 8 2 5  0 8 3 3  6 . 7 I+ • 6 3 . 8  3 2 0 0 o . s 
0 2  5 0  3 6  o . 6 2 5 2 1 0 6 5 1 0 5 7  6 . 7 4 . 0  3 . 1 3 3 0 0  0 . 9 
0 2  5 0  3 6  () .  6 3 0 0  1 3 8 0  1 3 8 0 6 . 6 3 . 3 2 . 3 3 5 0 0  
1 . 0  
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T A B L E  1 , .  ( C ON T I N U E D ) 
A 8 C D E F G H I j K L 
0 2  5 0  3 6  0 . 9  0 9 6  0 4 9 5  0 5 1 6  6 . 7  5 . 3 4 . 6  3 1 0 0 0 . 7  
0 2  5 0  3 6  n . 9 1 5 6 0 6 7 5 0 6 4 9  6 . 7  4 . 9  4 . 1 3 1 0 0  0 . 8  
0 2  5 ()  3 6  () • 9 ? 0 4  0 8 4 () 0 8 2 4  6 . 7 4 . 6 , . 7 '3 2 5 0 0 . 9  
0 2  5 0  3 6  () . 9 2 5 2  1 1 1 0  1 1 0 1  6 . 7  4 • 1 3 . () 3 3 0 0  1 . 1 
0 2  5 0 3 6  0 . 9 1 0 0  1 3 8 0  1 3 8 0  6 . 6 3 . 6 2 . 4 3 4 5 0  1 . 2 
0 2  5 0  3 6  1 . 2 0 9 6 0 4 6 5 0 4 8 4 6 . 7  5 . 5  4 . 4  3 1 0 0  1 . 1  
0 2  5 0  3 6  1 . 2 1 5 0 0 6 7 5  0 6 7 5  6 . 7 5 . 1 3 . 7  3 1 5 0 1 • 4 
0 2  5 0  1 6  1 . 2 1 9 8  0 8 6 0  0 8 6 9  6 . 7  4 . 7 3 • 1 3 2 0 0  1 • 6 
0 2  5 0  3 6  1 . 2 2 5 8  1 1 2 5 1 0 9 0  6 . 7  4 . 3  2 . 5 3 2 5 0 1 . s 
0 2  5 0  3 6  1 . 2 3 0 0  1 5 8 0  1 5 8 0  6 . 6  3 . 5 1 • 1 3 4 5 0  2 . 4  
0 2  5 0  4 8  o . 6  0 9 6  0 5 1 0  0 5 3 1  6 . 6 5 . 1  4 . 7  3 1 0 0  0 . 4  
0 2  5 0  4 8 o . 6  1 6 2 0 7 4 0  0 6 8 5 6 . 6  4 . 8 4 . 2 3 1 5 0 o . 6  
0 2  5 0  4 8  () . 6  1 9 5 0 8 5 5  0 8  7 7  6 . 6 . 4 . 6  4 . 0  3 2 0 0  0 . 6  
0 2  5 0  4 8  () • 6 2 5 2  1 0 8 0  1 0 7 1  6 . 6  4 . 1  '3 • 3 3 2 5 0  o . s  
0 2  5 0  4 8  () . 6 '3 0 0  1 3 9 5  1 � 9 5  6 . 6 3 . 3 2 . 5  3 4 0 0  o . s  
O ?  5 0  4 8 () . 9  0 9 6  0 5 0 0  0 '5 2 1  6 . 6 5 .  1 L+ • 6 3 1 0 0 0 . 5 
0 2  5 0  4 8  o . 9  1 5 9 0 7 5 0  0 7 0 8  6 . 6  t+ . 8 Lt- • 1 3 1 5 0 0 . 1  
0 2  5 0  4 8  o . 9 2 0 4  0 8 8 5  0 8 6 8  6 . 6  4 . 4  3 . 7  3 2 0 0 0 . 1  
0 2  5 0  4 8  Q . 9 2 5 2  1 1 1 0  1 1 0 1  6 . 6 4 . 0 3 • 1 3 2 5 0 0 . 9  
0 2  5 0  4 8  o . 9 3 0 0 1 4 5 5  1 4 5 5  6 . 6 3 . 4 2 . 3 3 4 0 0  1 . 1  
0 2  5 0  4 8  1 . 2 0 9 6  0 5 0 0  0 5 2 1  6 . 6  5 . 3 Li • 4 3 1 0 0 0 . 9 
0 2  5 0  4 8  1 • 2 1 5 6 0 7 2 0  0 6 9 2  6 . 6 4 . 9 3 . 8 3 1 5 0 1 .  1 
0 2  5 0  4 8  ] • 2 1 9 5  0 8 4 () 0 8 6 2  6 . 6  4 . 6 3 . 3 3 2 0 0  1 . 3  
0 2  5 0  4 8  ] • 2 2 5  '3 1 0 9 5  1 0 7 4  6 . 6  4 . 2  2 . 7 3 2 5 0 1 . 5  
0 2  5 0  4 8  1 . 2 2 9 4  1 3 8 0  ) 4 0 8  6 . 6  3 . 8 2 . 2 3 3 5 0 l • 6 
0 2  6 0  2 4  () • 6 0 9 6  0 4 0 5 0 4 2 2 6 . 8 5 . 5 4 . 9 3 1 0 0  o . 6  
0 2  6 0  2 4  () . 6 1 5 () 0 6 0 0  0 6 0 0  6 . 8  5 . 1  l� • 4 3 1 5 0 0 . 1  
0 2  6 0  2 4  () . 6  1 9 8 0 7 3 5  0 7 4 2  6 . 8 4 . 9  4 . 2 3 2 0 0  0 . 7  
0 2  6 0  2 4 () . 6  2 5 2  0 9 6 0  0 9  5 2  6 • 7 4 . 5  3 . 6  3 3 0 0  o . 9  
0 2  6 0  2 4  n . 6  1 0 0 1 3 0 5  1 3 0 5  6 . 7  3 . 8 2 . 9  3 3 5 0  o . 9 
0 2  6 0  2 4 o . 9 0 9 6  0 4 0 5 0 4 2 2 6 . 8 5 . 5 4 . 9 3 1 5 0 0 . 6  
0 2  6 0  2 4  n . 9 1 5 6 0 5 7 0 0 5 4 8  6 . 8 5 . 3 4 . 5 3 1 5 0 o . a 
0 2  6 0  2 4  o . 9 1 9 2 0 7 0 5  0 7 3 4  6 . 8 5 . o '+ . 2 3 2 0 0  0 . 8 
0 2  6 0  2 4 o . 9 2 5 2  0 9 1 5  0 9 0 8  6 . 7 4 . 6 3 . 6  3 2 5 0 1 . 0 
0 2  6 0  2 4 0 . 9 , o o  1 7 4 5  1 2 4 5 6 .  ·; 3 . 8 2 . 1 3 3 5 0  1 .  1 
0 2  6 0  2 4  1 .  2 0 9 6  0 3 7 5  0 � 9 1  {-, . 8 5 . 7 4 . 9 3 1 0 0  0 . 8 
0 2  6 0  2 4 1 • 2 1 5 0 0 5 5 5  0 5 5 5  6 . 8 5 . '3 4 . 3 3 1 5 0 1 . 0  
0 2  6 0  2 4  1 . 2 1 9 8  0 7 0 5  0 7 1 2  6 . 7  5 . 1 3 . 9 3 2 0 0  1 . 2 
0 2  6 0  2 4  1 . 2 ? 5 8  0 9 6 ()  0 9 3 0  6 . 7  4 . 7  � . i '-3 2 5 0 1 . 4  
0 2  6 0  2 4  1 • 2 , o o  1 2 '3 0  1 2 3 0 6 . 7  4 . 2 2 . 4  3 3 5 0  1 . 8  
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T A B L E 1 3 .  ( C ON T I N U F D ) 
A B C D E F G H I .J K L 
0 2  6 0  3 6  o . 6  0 9 6  0 3 9 0  0 4 0 6  6 . 8  5 . 5 5 • l 3 1 0 0 o . 4  
0 2  6 0  3 6  0 . 6 1 5 0 0 5 7 0  0 5 7 0 6 . 8  5 . 3  4 . 6  3 1 5 0 0 . 1  
0 2  6 0  3 6  o . 6 1 9 2  0 7 2 0  0 7  5 0  6 . 8  5 . 0 4 . 3  3 2 0 0 0 . 1  
0 2  6 0  3 6  o . 6  2 5 2  0 9 9 0 0 9 8 2  6 . 8  4 . 3  3 . 6 3 2 5 0  0 . 1  
0 2  6 0  3 6  o . 6  3 0 0  1 2 9 0  1 2  90  6 . 7  3 . 9 3 . 1  3 3 5 0 0 . 8  
0 2 6 0  '3 6  o . 9  0 9 6  0 3 9 0  0 4 0 6 6 . 8  5 . 7 5 . 0 3 1 00 0 . 1  
0 2  6 0  3 6  () • 9 1 5 6  0 5 8 5  0 5 6 3  6 . 8  5 . 3 4 . 6  3 1 5 0 0 . 1 
0 2  6 0  '3 6  () . 9  1 9 2  0 7 3 5 0 7 6 6 6 . 8  4 . 9  4 . 2  3 1 5 0 0 . 1  
0 2  6 0  3 6  o . 9  2 5 5  1 00 5 0 9 8 5  6 . 7  4 . 5 3 . 6  3 2 5 0 0 . 9  
0 2  6 0  3 6  o . 9 '3 0 0  1 2  9 () 1 2 9 0 6 . 7 4 . 0  3 . 0  3 3 0 0  1 . 0  
0 2  6 0  3 6  1 . 2 0 9 6  0 3 9 0  0 4 0 6  6 . 8  5 . 7 4 . 8  3 1 0 0 0 .
9  
0 2  6 0  3 6  1 . 2 1 5 6  0 5 8 5 0 5 6 3  6 . 8 5 . 3  4 . 3 3 1 5 0 1 . 0 
0 2  6 0  3 6  1 . 2 1 9 8  0 7 0 5 0 7 1 2  6 . 8  5 . 1 4 . 0  3 2 0 0  1 . 1  
0 2  6 0  3 6  1 . 2  2 5 2 0 9 4 5  0 9 3 8 6 . 8 4 . 6 , . 4  3 2 5 0 
1 . 2  
0 2 6 0  3 6  1 . 2 3 0 0  1 2 3 0 1 2 3 0 6 . 7  4 • 1 2 . 1 
3 3 0 0  1 . 4 
0 2  6 0  4 8  o . 6  0 9 6  0 4 2 0 0 4 3 8  6 . 8  5 . 4 4 . 9  
3 1 5 0 o . 5 
0 2  6 0  4 8  o . 6  1 5 6  0 6 3 0 0 6 0 6  6 . 7  5 . 1  4 . 5  3 2 00 o . 6  
0 2  6 0  4 8  o . 6 2 0 4 0 7 8 0  0 7 6 5  6 . 7  4 . 7  4 . 0  
3 2 5 0 0 . 1 
0 2  6 0  4 8  o . 6  2 5 2 1 0 5  0 1 0 4 2  6 . 7  4 . 3  � . 5  3 3 0 0  o . s  
0 2  6 0  4 8  () . 6  3 0 3  1 3 5 0  1 3 3 7 6 . 6 3 . 8 2 . 9 
3 4 0 0  o . 9  
0 2  6 0  4 8  o . 9 0 9 6  0 4 1 5 0 4 5 3 6 . 8 5 . 4 4 . 9 3 1 0 0 o . s  
0 2  6 0  4 8  o . 9 1 5 6 0 6 1 5  0 5 9 1  6 . 8  5 . 0 4 . 4  3 1 5 0 0 . 6  
0 2  6 0  4 8  o . 9  1 9 5  0 7 8 0 0 8 0 0  6 . 7  4 . 8 4 . 2  3 2 00 O . 6 
0 2  6 0  4 8  o . 9 2 5 2  1 0 2 0  1 0 1 2  6 . 7  4 . 3 3 . 5  3 3 5 0 a . a  
0 2  6 0  4 8  o . 9 '3 0 0 1 3 5 0  1 3  5 0  6 . 6  3 . 7 2 . 8 3 4 0 0  o . 9
 
0 2  6 0  4 8  1 . 2  09 6 O lf 3 5 0 4 5 3  6 . 7 5 . 3 
4 . 6  3 1 00 0 . 1 
0 2  6 0  4 8  ] • 2 1 5 6  0 6 4 5 0 6 2 0  6 . 7  5 . 0 
4 . 3  3 2 0 0 0 . 1  
0 2  6 0  4 8  1 . 2  1 9  5 0 7 9 5  0 8 1 5  6 . 7  4 . 7
 � .  9 3 2 0 0 o . s  
0 2  6 0  4 8  1 . 2  2 5 8  1 0 3 5  1 0 0 3  6 . 6  4
. 4  3 . 3 3 3 0 0  l • 1 
0 2  6 0  4 8  1 . 2 '3 0 0 1 3 2 0 1 3 2 0 6 . 6  
3 . 8 2 . 6  3 3 5 0 1 . 2 
APPENDIX B . MULTIPLE REGRESSION ANALYSIS 
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93 
Code Variable 
0 1 y air velocity 
02 X1 baff le spacing 
03  X2 baffle orientation 
04 X3 baffle proj ection 
05 X4 grain flowrate 
94 
Tabl 14. Sum of Squares of Pro ducts and Cross Products and 
Correlat ion Coefficients for the Sorghum Analysis 
Product or Sum of  Correlation 
C ros s Product Squares Coef fieient 
01  0 1  0 . 14740000 X 10 7 1. 00000000 
01  02 0 . 18600000 X 105 0. 13457415 
0 1  0 3  0 . 40000000 X 105 0 . 347 288 1 5 
01 04 0 . 27000000 0 0 . 078 13983 
01  05  0 . 39347400 X 10 7 0 . 9063281 � 
02 02 0 . 12960000 X 105 1. 00000000 
02 0 3  0 . 00000000 0. 00000000 
02 04 0. 00000000 0 . 00000000 
02 05 0 . 28800000 X 10
[
" 0. 00707470 
03 03 0 . 90000000 X 104 1. 00000000 
03 04 0 . 00000000 0. 00000000 
03 0 5 0 . 342 10000 }t 10
5 0 . 10084398 
04 04 0 . 81000000 X 10
1 1. 00000000 
04 0 5  0 . 90000000 X 10 ') 0 . 008843 7 
0 5  0 5  0. 12786851  10
8 
1. 00000000 
Table 15 . Sum of Squares of P roducts and Cross Products and 
Correlation Coeffici nts for th � Soybean Analysis 
Product or 
Cross Product 
01 0 1  
0 1  0 2  
01  0 3  
01  0 4  
01  0 5  
02 02 
02 03 
02 04 
02 05 
0 3  03 
03 04 
03 05 
04 04 
04 0 5  
0 5  0 5  
Sum of 
Squares 
0. 3837 7037 X 10 7 
0 . 2 1000000 X 10 5 
0. 35000000 X 105 
0 . 85500000 X 10 3 
0 . 11084794 X 108 
0 . 12960000 X 105 
0. 00000000 
0 .00000000 
0 . 39000000 X 104 
0 . 90000000 X 104 
0. 00000000 
0 . 11800000 c 106 
0 . 81000000 X 10 1 
0 . 29850000 X 10 3 
0 , 37 574473 h 108 
Correlation 
Coefficient 
1.00000000 
0 .094163 15 
0 . 1883263 1 
0 . 153 ' 5 143 
0. 9230929 2 
1 . 00000000 
0 . 00000000 
0 . 00000000 
0 . 0055887 6  
1 . 00000000 
0 . 00000000 
0. 2029150 7 
1 . 00000000 
0 .0 1711021 
1 . 00000000 
95 
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Tab le 16 . Sum of Squares of Products and Cross Products 
and Correlation Coefficients for t e  Regression 
of Air Velocity on Pressure Loss 
Grain Baffle Sum of Correlation 
Type Spacing Squares Co fficient 
(inches) 
Soybeans 24 y
2 0 . 1 1331 11 1  X 107 1. 00000000 
xy 0 . 551 1 1 1 1 1  X 103 0. 12995685 
x2 0 . 1587 1 11 1 X 102 1. 00000000 
Soybeans 36 y2 0 . 123911 11  X 10 7 1 . 00000000 
xy 0 . 1283 1 1 1 1  X 104 0. 346930 1 6  
x2 0 . 1 1039 1 1 1  X 102 1 . 00000000 
Soybeans 48 y 2 0 . 14281 111  X 10
7 1. 00000000 
xy 0 . 10085556 X 104 0. 36420059 
x2 0. 53697778 . 10 1 1 . 00000000 
Sorghum 24 y2 0 . 52244440 X 106 1. 00000000 
xy 0. 5 1277780 X 103 0 . 2 1150045 
2 0 . 1 125111 1  X 102 1. 00000000 X 
Sorghum 36 
2 
0. 5 1300000 X 106 1. 00000000 y 
xy 0 . 78 133330 X 10 3 0. 3921317 1 
x2 0 .  77391 1 1 1  X 10 1 1. 00000000 
Sorghum 48 y2 0 . 411 1 11 10 X 106 1. 00000000 
xy 0 .  63722220 X 103 0. 49344464 
x2 0 . 40564,44.!� X 10 1 1. 00000000 
